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Paper  No.  956. 


DEFLECTIONS   OF  BEAMS 
WITH  VARIABLE  MOMENTS  OF  INERTIA. 

By  C.  AV.  Hudson,  M.  Am.  Soc.  C.  E. 


With  Discussion  by  Messes.  Ieving  P.  Church,  Mansfield  Merkiman, 

C.    H.   LiNDENBEEGEK    AND  C.   W.    HUDSON. 


The  determination  of  the  deflections  for  the  special  types  of  open- 
webbed,  elastic  frameworks  often  met  in  the  practice  of  the  bridge 
engineer  has  received  much  attention,  and  very  exact  solutions  are 
made  for  these  problems  by  both  graphical  and  analytical  methods. 

The  determination  of  the  deflections  for  solid- webbed  girders,  which 
is  of  equal  theoretical  interest  and  often  of  great  practical  importance, 
however,  has  been  confined  chiefly  to  girders  with  a  constant  moment 
of  inertia,  and  such  determinations  have  usually  been  made  by  means 
of  the  equation  of  the  elastic  curve.  It  is  the  purpose  of  this  pajier  to 
give  a  more  general  method  for  determining  the  deflections  of  solid- 
webbed  girders  under  flexure,  and  to  illustrate  its  application  to  the 
forms  of  girders  most  frequently  met  in  practical  bridge  construction. 
The  plate-girder  drawbridge,  owing  to  its  frequent  use,  is  one  of  the 
most  important  structures  with  which  the  bridge  engineer  has  to  deal. 
Application  of  the  general  formula  to  this  case  has  been  made,  with  the 
object  of  giving  a  simple  method  of  making  a  better  design  for  the 
girders  and  end-lifting  machinery  for  these  bridges. 
*  Presented  at  the  Meeting  of  May  6th,  1903. 


2  DEFLECTIONS   OF    BEAMS. 

The  writer  believes  tliat  the  determination  of  the  deflection  of  girders 
with  solid  webs  is  effected  best  by  means  of  the  method  of  work.  The 
general  formula  is  derived,  it  will  be  noticed,  in  a  manner  very  similar 
to  that  commonly  used  in  obtaining  the  general  formula  for  the  deflec- 
tions of  articulate  structures. 

Let  us  suijpose  a  beam  of  any  shape  in  equilibrium  under  the  action 
of  a  given  loading,  and  that  the  following  derivation  is  made  under  the 
usual  conditions  imposed  in  the  development  of  the  fundamental 
formulas  for  flexure,  and  under  the  supposition  that,  where  the 
forces  producing  bending  have  components  in  the  direction  of  the 
length  of  the  beam,  the  effect  of  such  components  in  jiroducing  dis- 
tortion may  be  neglected. 

Let  J/=  the  bending  moment  at  any  section  of  the  beam  due  to  the 
given  loading; 
S  =  the  unit  stress  due  to  flexure  on  any  fiber  of  the  cross- 
section,  the  fiber  being  distant  3/  from  the  neutral  axis, 
and 
/  =  the  moment  of  inertia  of  the  cross-section  for  which  the 
other  quantities  are  taken. 

Then,  from  the  fundamental  relation  for  flexure,  we  have  S=^  ~y-  . 

Under  the  action  of  flexure,  the  fibers  on  one  side  of  the  neutral  axis 

of  a  beam  are  lengthened,  and  on  the  other  side  they  are  shortened. 

Let  d.v  (an  infinitesimal)  be  a  portion  of  the  length  of  the  beam,  and 

A  be  the  change  in  length  of  any  fiber  distant  1/  from  the  neutral  axis, 

due  to  flexure. 

S  L 
From  Hooke's  Law,  we  have  A  =  -^ ,  in  general,  and  for  a  fiber  of 

a  length  d  x,  A  :=  — ^,  in  which  ^is  the  coefficient  of  elasticity  of  the 
material. 

Since  ^=.^^ 

Now,  simultaneously  with  the  given  loading,  sui^iDOse  a  force  of 
unity  to  be  applied  to  the  beam  at  any  point  in  any  desired  direction. 
Let  m  be  the  bending  moment  at  any  section  of  the  beam  thereby  pro- 
duced.    The  stress  on  any  fiber  (the  same  fiber  for  which  A  is  taken)  of 
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m  y 


any  section  due  to  the  assumed  load  of  unity  =  -.-,  and  the  work  done 

by  this  stress,  assuming  it  to  be  gradually  produced,  acting  through 

my       -        My       mi/  Mmy'^dx 

the  distance  A,  is  equal  to  ^-y  X  A  =  ^'      '   ' 


2/  ^  Ef''''^ 


2EP 


Letting    C  d  A  represent  the  area  of  the  entire  cross-section,  the 
work  done  on   an    infinitesimal  portion    of   the  length  of  the  beam 

'-=  n-^rji  (  fi/'  dA\  d.v,  and  since  f  y  d  A  =  I,  this  work  =        ^  j   , 

and  for  the  internal  work  throughout  the  length  of  the  beam  due  to 
flexure  we  have : 


W  = 


J. 


2  EI 


Again,  let  /i  be  the  deflection,  due  to  the  given  loading,  of  the 
point  at  which  the  force  of  unity  is  applied,  measured  along  the  line 
of  action  of  the  force,  unity,  then  the  work  done  by  the  force  of  unity 
gradually  aj^plied  is : 

"'=i=<^  =  4 ''' 

Making  the  total  work  of  the  internal  stresses  due  to  flexure  (1) 
equal  to  the  total  work  of  the  external  forces  (2),  we  have: 

^Mm  dx 


2  EI 

31  m  d  X* 
EI 


(3) 


which  is  the  general  value  for  the  deflection  of  any  point  in  a  beam. 

As  an  illustration  of  the  general  application  of  this  formula,  sup- 
pose we  find  the  horizontal  deflection  of  the  ujjper  corner  of  a  simple 
I-beam  span,  loaded  at  the  center  with  the  weight  P.  Fig.  1  will 
make  the  problem  more  clear. 

^ 1 

■->;  k- 

^JJnity 

1^              I 
^  ^^ Zero 


Unity- 


,r-- 


FlG.l. 


*  This  formula  was  first  derived  by  Professor  Fraenkel. 


4:  DEFLECTIONS    OF    BEAMS. 

Taking  each  half  of  the  beam  separately,  and  taking  the  ends  of  the 
neutral  axis  of  the  beam  as  the  origin  of  x,  we  have: 

^^  ^    I  MmcLv  ^   r^^^l^for  the  left  half 


,_   r'  Mmdx  __    r-L 

-J  o  --ET^  -J  I 

-L  f  ~^  — Ti  r       ^^^  *^^  right  half, 


in  which, 


p 

ilf  =  +  K-  X  X,  for  both  right  and  left  halves  of  the  beam, 

TO  =  +  ^  X  X,  for  the  left  half  of  the  beam, 

and  m  — ^  X  x  -(-  -r,  for  the  right  half  of  the  beam. 

Substituting  these  values  for  M  and  7n  in  the  general  equation,  we 
have,: 


_  r^Phxdx        Phf 


P  h  X  d  X 

tet~ 

I 


4:  EI     ~  d2  EI  ' 

If  TO  make  P  =  29  000,  I  =  360  ins.  and  /=  1  140  (inches  ^"'),  this 
being  the  value  for  the  moment  of  inertia  of  a  20-in.  X-beam  (192  lbs 
per  yard],  then: 

29  000  X  20  X  (360j-      _    1   . 
^   -    32  X  29  000  000  x  1  140  "  Ti  '''■'  ''^^''^^- 

In  the  problems  of  practice  it  is  usually  the  vertical  deflection  of 
some  jjoint  in  a  horizontal  beam  under  vertical  loading  that  is  desired. 
The  following  five  problems  are  deemed  sufficient  to  show  the  applica- 
tion of  the  general  formula  to  finding  such  deflections.  The  girders  in 
the  following  problems  have  four  values  for  the  moment  of  inertia;  the 
resulting  exi^ressions  for  the  deflections,  however,  are  of  such  form 
that  expressions  for  the  value  of  the  deflection  for  a  girder  with  a 
greater  or  less  number  of  values  of  the  moment  of  inertia  can  be 
written  by  inspection.  For  girders  with  inclined  flanges,  values  of  the 
moment  of  inertia  can  be  determined  at  stated  intervals,  and  these 
values  considered  constant  for  the  intervals  taken. 

Problem  No.  1. — Find  the  vertical  deflection  at  the  center  of  a  plate- 
girder  span  with  three  cover-plates,  the  girder  being  loaded  uniformly 
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throughout  its  length,   /,  with  aU 1 >i 

vertical  load  of  ?«  pounds  per  unit  '  ] 

;  /  w  Pounds  per  linear  unit 

of  length.     Fig.  2  will   make  the  YwLmmimmihimmwmimn'/mwi>hwmimihwwiMmiimia{ 

I  I  Unity  I 


problem  more  clear.  i 

As  the  moment  of  inertia  of  the 
girder  has  four  values,  the  second 
part  of  the  general  equation, 

A 


/Mm  dx  f\ 

^    0       EI     "^^J  o 


Mm  dx 
~ET 
will  have  four  parts : 


J 

T  Mmd  X 

ET^' 


+ 


{lx-  —  x^)dx 
{Ix^  —x^)  dx 


+ 


+ 


w     j  <  a         a 


IE 


-X 

'J    a 

jI 


Fig.  2. 


{l.rP — x^)  d  x 
'  (Ix^  —  x^)  dx 


b' 


4:P 


-  + 


3/2 


I' 


b'—d 
16  c* 


24 /i 


384  EI^  ^    6  E 


(^ 


64  7, 

+  4- 


a 

X 


+  1 


+ 


3/, 


which  is  the  expression  for  the  value  of  the  desired  deflection. 

If  /j  =  /,  =  /}  =  li,  that  is,  if  the  moment  of  inertia  of  the  beam  be 
constant,  the  expression  becomes: 

5   w  Z' 

""  384:&7' 
which   is   the  well-known   formula   for   the  deflection   at   the  center 
of   a   simple   beam   of   constant   moment   of   inertia,    under  uniform 
loading. 

Problem  No.  2. — Find  the 
vertical  deflection  at  the  center 
of  a  i^late-girder  span  with  three 
cover-plates,  due  to  a  vertical 
load,  P,  at  any  point  in  the 
span. 

The  load,  P,  will  be  placed 
on  the  first  cover-plate,  and  the  "  Fig. 3. 
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expression  found  for  the  value  of  the  deflection.  The  expression 
for  the  deflection  for  any  desired  position  of  P  can  then  be  WTitten^by 
inspection. 

y''  3£m  d  X 
o 


A  = 


EI 


»a  p  (1  _  y)  a?  d  X        rki  p  {I  —  k)  :ir  dx 
'b  p  k  (/  X  —  X-)  dx        re  p  Tc  [I  X  —  a?)  d  x 


2EL 


y'o  p  k  [(  X  —  X-}  ax        r 
,  2^Z  +/,  2^/3 

/♦-j-  P  kjlx  —  X-)  d x  ,      ra  PJcr?  dx        rhpjc.^dx 
+7,  ^EI,  +J  ^      2  EI,       +/„ 

re  Pica?  dx  r^  Pko?  d  x 

+j ,  2  EI,    +  J  ^  -wwir 

~        6E        \/i       I,   ^    I,    J 

P  k    /'lb-  _l^",_^'_[£i,J^ fi  /c^\ 

'^  4:E    V  /,   "~  /^   +   ^3    ~  /,   +  4  /,  ~    /^    / 

Pk 


\I,         h^h         I,    '^   S  I,  I,    J 

"•"  6  ^  \  /^         I,         L         h     '     h         A         8  /,  / 
6  ^  V  /i  I  J 


P  J?  f 
12  EL 


+ 


\i,  ~x^T~T>''^ 


4  ^  V  /.         h         h         li  /    '   16EI^' 
which  is  the  expression  for  the  value  of  the  desired  deflection. 

For  a  load,  P,  on   the  second    cover-plate,  by  inspection,    can   be 
written : 

Pk'f 


6E    \  I^         I,    '^   I,  I,  J 

^   AE\L  ij^ 


VI EI^ 
P  k  f 


16  EI^' 

If  we  make  I^  =  I,  z=  I^  —  /,,  in  either  of  the  above  values  for  J, 
we  have : 

P    h  fi 

and  if  A-  =  —  ,  that  is,  for  P  in  the  center  of  the  girder, 

._PJi_ 
4:8  E  r 
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Problem  No.  3. — Find  the 
vertical  deflection  at  tlie  loaded 
j)oint  of  a  plate-girder  span  with 
three  cover-plates,  due  to  a 
vertical  load,  P,  at  any  point 
in  the  sjaan. 

P  will  be  placed  on  the  first 
cover-plate,  as  in  Problem  No.  2. 

I      M  m  d  X 


^ 

P 

Unity 

F=^ 

—l- 

>i 

1 
1 

U ^ 

1 
1 

//I      1-2     i      Is    \ 

1                1               1 

h  1 

1 

h\     Is\     Io\     h 

M- 

1 

H 

1 ' 

■J      1 

1 
1 
1 
1 
1 
1 
X. 

!          1          l<-a-> 

1-1::-::: 

I ^ 

<7 

I 

Fig.  4. 


f 

Jo      EI 
^    r«  P  {l  —  kfa?dx  r^f  p  [1  —  hf  x"  d  X 

J     o  E  I^  J    a  E  lo 

^   f^    PJc'  {l  —  xfdx  r  Pl^  [l  —  xf  d  X 

J  kl  EL  '^  -'  b 


EL 


-\-f'^  P  Ti"  il  —  xf  d  X        f   P  k^  x^  d  X 
^   c  EI,  "'"•^  o  Eli 


+ 


/ 


^  Pl^a?  dx 


+ 


/ 


P  J<?  x^d  X 


EL         '   J  b        Eli 


+ 


/: 


P  T<?  .r-  d  X 
EI^ 


S  E 

P  k^  z- 


p  p  I  /b'    ^',  ^_ii  I  j! i!_^ 

E  {l,  '       L         ^       I,  I,      '^        4:   1,  h     ' 

pi^  /  b^     k^  P  .   c^      b'   .     i' 


'  -t^ 


f 

P  (1  —  2  k) 
Z  E 


(  (£"    _  a^  \ 


c  c    \ 

h      /s     A       A  y ' 

which  is  the  expression  for  the  value  of  the  desired  deflection. 
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If  we  make  Jj  = 
P  f  k^  (1 


^  = 


L^  =  I.^  =  /|,  then 


P  f 

A  =  —  -  • 
4&EI 

Problem  No.  4. — Find  tlie 
vertical  deflections  of  the  ends 
of  a  plate-girder  span  with  three 
cover-plates,  supported  at  the 
center,  only,  and  loaded  with  a 
uniform  vertical  load,  w,  per  unit 
of  length. 


and,  in  addition,  if  we  make  Tc  = 


then 


/■W  pounds  per  linear  unit 


Unity 


Unity 


J 


M  m  d  X 
EI 


-b-  - 

---   c- 


.«-  a-> 

■<r b >; 

—   c > 


—  Ir- 


Eia.5. 


^     o 
—     /^"  w  x^  d  X        /*  w  x^  d  X        r*^  w  x^  ^  ^   ,    r  '  »'  x^  d  x 

~8E1,'^  8E\I,        /,  +     I,  ~  I.^   '^   I,  ij 

which  is  the  expression  for  the  value  of  the  desired  deflection. 
If  1^  =  1^  =  1^  =  I^,  then, 

ID  l^ 

Problem  No.  5. — Find  the 
vertical  deflection  of  the  ends  of 
a  plate-girder  span  with  three 
cover-jjlates,  supported  at  the 
center,  only,  and  loaded  at  each  k- — 6 
end  with  a  load,  P 
I 


A  = 


M  m  d  X 
EI 


Pj^  dx 


f 

=    pPx^dx  f*  Px^dx         r^.^_d_x   ,    f  ' 

Jo      EI,      '^  J  a      EI,      ^Jb      E I^      ^J  c     EI^ 

~  3E\I,   ^  I,         /j  +    L  ~  I,    +  /,  ""  T^ 
which  is  the  expression  for  the  value  of  the  desired  deflection. 
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If  I^  =  1^=  I.^=  I^,  then, 

P  f 


By  substituting  for  A,  in  the  above  expression,  the  distance  it  is 
desired  to  raise  the  end  of  a  plate-girder  draw,  and  solving  for  P,  the 
ujjlift  necessary  to  raise  the  end  the  desired  amount  is  obtained. 

In  applying  the  results  of  the  preceding  problems,  a  deduction  of 
2  or  3  ft.  from  the  over-all  lengths  of  the  cover-plates  should  be  made, 
for  the  reason  that  enough  rivets  to  fully  develop  the  value  of  a  cover- 
plate  to  resist  stress  are  not  generally  contained  in  a  less  distance  than 
the  first  2  or  3  ft.  at  the  end  of  the  cover-plate. 

By  the  aid  of  the  results  of  Problems  Nos.  4  and  5,  the  reactions  for 
center-bearing  plate-girder  draw  spans,  with  equal  arms  under  uniform 
loading,  can  be  obtained. 

Let  ii,  =  i?5  be  the  reactions  at  the  ends  of  a  two-span  plate-girder 
with  three  cover-plates.  From  the  result  of  Problem  No.  5,  we  have,  for 
the  vertical  motion,  J,  due  to  a  force,  i?,  =  R.^,  at  the  ends,  the  fol- 
lowing: 

_  Ril\    R,    /  ct-       a^        b^         h^         c^  c^  \ 

^  -  3  ^/,  +  3^  V  i,    /.  +  L,     I,  +  /,     /, ; 

If,  at  the  same  time,  we  make  the  value  for  J  given  by  the  result  of 
Problem  No.  4  equal  to  the  value  for  J  above,  and  solve  the  equation 
for  i?,,  we  have: 


Ri  =  R 


w  I*         w   /a''  __a*        b*       b*       c«       c*\ 

sZ  +  ~8"  \77  ~  T;  "^  i^~Z'^T,~Tj 


I'       a^       a*       b*       b*       c*       c^ 

_Sw  T,  ~^  T,  ~J.  '^  i^  ~  Z  ^  Z~  Z 

~     8      P       a'       a-^       ^'^  _^_^    •    ^'  _  £! 

T,^T,~~Z^Z^Z'^Z'~  h 

which  is  the  expression  for  the  value  of  the  end  reactions  for  a  plate- 
girder  of  two  equal  spans  having  four  values  for  the  moment  of  inertia, 
and  loaded  uniformly  throughout  its  length  by  w  pounds  per  unit  of 

length. 

3 
If  I^^  I,  =  I.^  =  J„  then  i^i  =  i?3  =  -g-  w  l. 

It  would  not  be  a  difficult  matter  to  derive  values  for  the  reactions 
for  a  more  general  case  of  loading  and  span  lengths;  but  the  ordinary 
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plate-girder  draw  has  equal  arms,  and  the  only  place,  under  the  gen- 
eral practice  in  designing,  where  it  is  necessary  to  consider  the  effect 
of  continuous  loading  is  near  and  over  the  center  support.  The 
maximum  values  for  shear  and  moment  at  the  center  support  are  given 
under  conditions  closely  approximating  continuous  uniform  load,  and 
this  is  the  problem  we  have  solved. 

In  order  to  see  how  much  the  ordinary  method  (using  a  constant 
moment  of  inertia)  of  computing  the  moments  over  the  center  supports 
of  plate-girder  draws  differs  from  this  more  exact  method,  the  com- 
parison will  be  made  for  two  widely  different  cases. 

Case  I. — A  very  light,  single-track,  center-bearing,  plate-girder 
draw,  72^  ins.  deep,  from  out  to  out  of  flange-angles. 


Lenarth 
over  all. 


Effective 
length. 


1  web  plate,  72  x  f 
4  flange-angles,  5x5 

(55  lbs.  per  yard.) 

2  cover-plates,  12  x  | 


ins.  138  ft.    and   136  ft. 


12  X  I 

12  X  § 


138 

98 
22 
10 


136 

96 
20 


n 


38  284  ins.^  =  1.85  ft.^  and  a  =  20  ft. 


58  335 
79  081 


I^  =  100  526 


:    2.81 

3.81 

4.85 


6  =  58 
c  =  64 
/  =  08 


J 


Fig.  ' 


X 


4  324.3,^  = 


2  847.0,-y-  = 
69  431.9,  ^  =   51  210.5,  ~  = 


L 

„3 


-—  =    68  804.2,  -^  = 


+ 


h 


54  050.3,-^  = 


=    64  831.3, 


8  648.6, 


=         5  691.0, 


4  027  206.3,  4"  =  ^  970  209.0, 


4  403  468.8, 


h 


3  459  219.8, 


-V  =   4  408  531.1, 


207  394.7 


108  107.8   +=   12  847  854.8   —  =  6  435  122.8 


R,=-^w 


T     >        r  TIT  r       '       J  r 


A 


i.y 


1-2 


I, 


+ 


12  847  854.8  —  6  435  132.8 


I,  ^  h 


^- 


207  394.7 


108  107.8 


=  --  ^^>  64.59  =  24.22  w. 
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The  momant  over  the  center  support  for  this  case  is: 
M=  68  10  (24.22  —  3400)  =  —  665.04  w  foot-pounds. 
The  moment  over  the  center  support  for  constant  moment  of  inertia 


M= 


8 


-«•  V'  = 


578  IP  foot-pounds, 


which  shows  that  this  more  exact  method  gives  a  moment  over  the 
center  support  for  this  case  15%  greater  than  the  usual  method. 

Case  II. — A  very  heavy,  double-track,  center-bearing,  plate-girder 
draw,  101^  ins.  deep,  from  out  to  out  of  flange  angles. 


Length 
over  all. 


1  web  i)late, 

4  side  flange-plates,  18  x   f 
4  flange  angles,  8x6 

(125  lbs.  per  yard. 

2  cover-plates,  20  X   f 
2     "          " 


Eflfective 
length. 

101  X  Hins.,  159  ft.  and  156  ft. 

156  " 


159 
159 


20  X  f 

2  "    "       20  X  f 

2  "    "       20  X  f 

/i  =  353  750  ins. 


159  " 

84  " 
24  " 
16  " 
17.06  ft.*  and  a 


I^  =:  434  500 
i3  =  517  600 
I^  =  603  100 


4-  =    2  969.1,  ~ 
41  =  14  349.4,  -^ 

Jo  1, 


-J-  =14  339.3,  -J- 

^  =  16  318.8, 
-'4 


=  20.96 
=  24.96 
=  29.08 


156  ' 

156  ' 

82  ' 
22  ' 
14  ' 
37  ft. 
i  =  67  " 
c  =  71  " 
Z  =  78  " 


^i 


_i_ 


2  416.7,—  =  109  857.3,^ 

12  049.9,  4-  =  961  408.5,-4 

i  i 

12  307.8,  -^    =  1  018  096.2,  ~ 


h 


I. 


=  1  272  869.9, 


+  =  47  976.6  —   =    26  774.4    +    =   3  362  231.9   —   =    1  770  606.9 


„  3       3  362  231.9  —  1770  606.9       3      „,  ^„       .,„,, 

^'  ==  8  "  -^797676^6  77474—  =  8  ^'  ^^'^^  =  ^^"^^  '"■ 

The  moment  over  the  center  support,  for  this  case,  is: 
ilf  =  78  w  (28.15  —  39.00)  =  —  846.30  «'  foot-pounds. 
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The  moment  over  the  center  support,  for  constant  moment  of 
inertia,  is: 

M  = —  w  f  =  760.5  u-  foot-pounds. 

o 

Which  shows  that  this  more  exact  method  gives  a  moment  over  the 
center  support  for  this  case  11%"  greater  than  the  usual  method. 

The  two  plate-girder  drawbridges  selected  for  investigation  may  be 
said  to  represent  fairly  the  results  obtained  by  the  method  commonly 
used  in  designing  such  structures.  In  view  of  the  results  of  the 
investigation  for  these  two  cases,  it  is  fair  to  assume  that  many  center- 
bearing  plate-girder  drawbridges  are  stressed  considerably  higher,  for 
a  short  distance  over  the  center  supjiort,  than  their  designers  intended 
they  should  be.  This  condition  of  affairs,  it  is  believed,  is  quite  gen- 
erally known,  but,  as  far  as  the  writer  knows,  has  not  influenced 
designers.  The  additional  material  required  for  a  more  correct  design 
is  a  very  small  percentage  of  the  whole  weight,  and,  considering  the 
increased  strength  it  would  give,  the  addition  should  always  be  made. 

The  objection  may  be  made  that  it  is  hardly  necessary  to  go  to  any 

great  refinement  in  designing  plate-girder  drawbridges,  as  it  is   not 

certain  that  the  end  machinery  will  act  as  designed,  and,  further,  even 

though  the  condition  of  the  sujj ports  be  as  assumed,  until  account  is 

taken  of  the  effect  of  the  shearing  stresses  in  producing   distortion, 

the  true  reactions  cannot  be  obtained.     The  fact  that  the  end  supports 

may  be  out  of  their  proper  position,  and  in  such  a  manner  as  to  cause 

increased  bending  moments  over  the  center  support,  is  an  argument  in 

favor  of  the  most  refined  methods  in  designing  the  structure.     It  is  not 

customary  to  consider  the  effect  of  the  shearing  stresses  in  i^rodueing 

distortion,  in  designing  plate-girder  drawbridges;  the  method  used  in 

investigating  Case  I  and  Case  II  is  simply  a  more  refined  ai:»plication 

of  the  usual  method  (which  considers  only  flexural  stresses).    In  order 

to  determine  the  effect  of  the  shearing  stresses  in  prodixcing  deflection, 

the  following  investigation  is  made: 

1  h 

Let  us  take  any  portion  of  a  beam  in  I  I 

equilibrium  under  the  action  of  trans- 
verse loading,  as  shown  in  Fig.  9.  If  P 
be   the  resultant    in    position,    direction 

and  amount  of  all  the  forces  to  the  right 

°  I  Fig.  9. 

of  the  section  m  n,  then  it  is  clear  that  1"^ 


i 


DEFLECTIONS   OF   BEAMS.  13 

the  ijoi-tion  of  the  beam  under  consideration  would  be  kept  in  equi- 
librium by  the  coujale,  Fa,  and  the  shear,  S. 

In  general,  no  matter  what  may  be  the  actual  distribution  of  the 
stresses  on  any  section  of  a  beam  under  a  given  loading,  these  stresses 
may  be  resolved  into  an  equivalent  couple  and  shear.  The  eflfect  of  the 
couple  in  doing  work  has  been  determined  in  accordance  with  the 
common  theory  of  flexure.  Going  back  to  (1),  and  rewriting  the 
expression  for  the  work  of  the  internal  stresses,  we  have 
Mm  dx 


-if: 


for  the  work  of  the  flexural  stresses  ) 


-\-\   I     ()  w    A  ^°^  *^®  work  of  the  shearing  stresses  )  . 

To  derive  the  exj)ression  for  the  work  done  by  the  shearing  stresses: 
Letts'  =  shear  at  any  point,  due  to  the  given  loading; 

s    =;  shear  at  any  point,  due  to  a  load  of  unity  at  the  point  where 

deflection  is  desired; 
A   =  total  area  of  the  cross-section; 
E^  =  coefficient  of  elasticity  for  shear; 
and  let  c^  a;  be  an  infinitesimal  portion  of  the  length  of  the  beam;  that 
is,  let  it  ba  considered  as  the  distance  between  two  consecutive  sec- 
tions of  the  beam. 

Then,  under  the  action  of    the   shearing   stress,  S,  the   two  con- 

S  d  X 
secutive  sections  will  have  a  relative  motion  of  '  ,  if  we  assume  that 

A  E^ 

the  shearing  stress  is  distributed  uniformly  over  the  cross-section. 

Now,  as  for  the  flexural  stresses,  we  will  suppose  the  force  of  unity 

to  be  applied  gradually;  then  the  work  done  by  the  shearing  stress, 

on  an  elementary  jjortion  of  the  beam,  due  to  the  force  of  unity,  is 

Sdx        .s  ,    .      fiSsdx 

.  rr    X  -TT  )  ^^d,  ovcr  the  entire  beam,  the  work  is    /     — =- — ^^ , 
AE.         2    '         '  2  E.A 


Making  the  expressions  for  the  external  and  internal  work  equal, 
we  have: 

J  pi  Mmdx     .      pi  Ssdx 


/I'  Mm  d  X      ,      fi  iSs  d  X 

/'  Mmdx  ri  Ssdx 

WT~  ^    I      ~E~A    • 


The  shearing  stress  is  not  distributed  uniformly  over  the  cross- 
section,  and  hence  the  term  for  the  work  of  the  shearing  stress  should 
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be   modified   by   a   coeflScient.       The   value   of   this   co- 
eflScient  for  a  rectangular  section  is  very  readily  shown 

to  be  -—  . 


-L 


7 

f-4 


d 


h 

I 


I — 6-^ 
Pia.  10. 


For  a  section,  as  shown  in  Fig.  10,  which  is  a  close 
enough  approximation  to  plate-girder  cross-sections,  for 
all  practical  jjurposes,  the  work  done  by  the  shearing 
stresses  due  to  unity,  taking  the  intensity  of  the  vertical 
shear  as  equal  to  the  intensity  of  the  horizontal  shear  at  all  points 
of  the  cross-section,  on  two  flanges 

_  b  [8  {h  +  (/)'  —  15  {h  -\-  (It  h  +  10  {h  +  df  h^  —  3  k'\     r^  Ssdx 


SO  P 


and  on  the  web 
30 


E^. 


J2  c;2  A  (^  7,  4.  -|.)  '  4.  20  b  d  It'   (  7^  4-  -|-)  +  4:hU 


f. 


•601' 

'    SsjL 
ET' 


The  total  work  on  the  entire  cross-section  is  the  sum  of  these,  and 
Sb  {h-{-  df  —  15bh  [h  +  dy  -\- 10  b  h"'  [h  -f  df 

—  3  6  Ir'  ^-dOh^d^^i^  h  +  A.) 

30  i^  Jo      ^s 

This  expression  is  of  such  an  involved  nature  that  a  simi^le  inspec- 
tion gives  very  little  information  as  to  the  relative  value  of  the  work 
on  the  flanges  and  web  to  that  of  the  work  on  the  entire  cross-section. 
For  the  purpose  of  getting  a  definite  idea  of  this  relation,  and,  at  the 
same  time,  for  reinvestigating  the  plate-girders  of  Case  I  and  Case  II, 
approximate  sections  for  the  end  and  center  of  each  of  these  girders 
will  be  assumed. 


Case  I. 

Approximate  end-section: 
b  =  12  ins. 
d=^    1    " 
A  =36    " 

Work  on  flanges  =  0.0003 
Work  ou  web       =  0.9997 


Approximate  center-section : 

b  =:  12  ins. 

(/=    2    " 

7*  =36    " 

I  —    g- 
Work  on  flanges  =  0.0008 
Work  on  web       =  0.9992 
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Case  II. 

Approximate  end-section:  Approximate  center-section: 

6  =  20  ins.  i  =  20  ins. 

d=    2    "  d=    4    " 

7«=50    "  7«  =  50    " 

t  =      I''  t  =      %'' 

Work  on  flanges  =  0.0006  "Work  on  flanges  =  0.0013 

Work  on  web       =  0.9994  Work  on  web       =  0.9987 

From  this  it  is  seen  that  the  amount  of  work  done  on  the  flanges  is 
a  very  small  part  of  the  total  work  on  the  cross-section.  A  similar 
investigation  on  a  section  more  closely  approximating  the  actual 
cross-section  of  a  plate-girder,  as  shown  in  Fig.  11,  would 


show  a  considerably  larger  amount  of  work  for  the  flanges;        [  I 
but  it  would  still  be  very  small.      Therefore,  in  investigat- 
ing the  effect    of   shear  in   producing   distortion    on    plate- 
girders  it  will  be  very  nearly  correct  to  assume  that  the  w^eb 
alone   resists   all   the   shearing   stresses.      This    assiamption 


"would  give  deflections  a  little  too  great,  as  the  flanges  of  ^^^'  ^^• 
a  plate-girder  do  take  a  small  i^art  of  the  shear — for  a  plate-girder 
such  as  that  in  Case  II  the  vertical  flange  plates  and  the  vertical 
legs  of  the  flange-angles  take  considerable  shear;  however,  in  the 
investigation  to  follow,  the  effect  of  the  unequal  distribution  of  the 
shear  over  the  web  will  be  neglected. 

This  assumption  produces  an  error  ojaposite  to  and  generally  greater 
than  the  first  assiimption,  so  that  the  resulting  deflections  determined 
under  these  assumptions  will  be  very  nearly  correct,  but  probably  a 
trifle  too  small. 

The  general  equation  for  the  deflection  of  a  plate-girder  of  varying 
cross-section  now  becomes 

yi  __     I      3Im  d  X   ,      I      S s  dx     .        ■,.■,. 

J     — El *"  J       E  A    '  ^^  ^^i*'^  ^'«  ="  ^^®^  o^  '^e^- 

2 
Making  E^  =    -_-  E,  the  deflection 
o 


. j      M  7)1  d  X         5      j 

V  o    EI         2  ^y  o 


S  s  d  X 


E  Aw 

From  this  the  expression  for  the  value  of  the  deflection  for  Problem 
No.  4  becomes 

-  HE^I,    -^     I,  [.'^     I,  h'^  h  I  J 

5      w  c     _ 

^T~EAj 
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and  for  Problem  No.  5  it  becomes 

5 


\h    ^     I,  I,^    I,-    I,^   I,  I,  ) 


+  - 


/2 


2   ^^,„ 

The  expression  for  the  value  of  the  end  reactions  for  a  plate-girder 
of  two  equal  sjjans,  tbe  girder  having  four  values  of  I,  and  loaded 
uniformly  throughout  its  length  by  w  pounds  per  unit  of  length,  is: 


(i 


+ 


^1 


a'      ,     b* 

b'           c* 

-T-'T" 

'  I.'^  I^ 

^4  /  -^w 


Using  this  expression  in  investigating  Case  I  and  Case  II: 
For  Case  I: 

3 


3       6  412  732  +  246  613 


=  -—  w  X   65.28  =  24.48   w; 


99  287  +  2  720 
and  the  moment  over  the  center  support, 

M=  68  10  (24.48  —34.00)  =  —  647.36  lo  foot-pounds. 
This  moment  is  only  2.6°^  less  than  that  found  by  the  first  investi- 
gation for  Case  I. 
Fo7'  Case  II : 


R  = 


3 


1  591  625  +  126  165 


^  ~    w   X  76.64  =  28.74  w; 


21  202  +  1  213 
and  the  moment  over  the  center  support, 

M=  78  w  (28.74  —  39.00)  =  —  800.28  to  foot-pounds. 

This  moment  is  5.5"'o  less  than  that  found  by  the  first  investigation 
for  Case  II. 

The  result  of  this  reinvestigation  for  Case  I  and  Case  II  shows. 
For  the  shorter  and  lighter  draw-sjjan,  that  the  deflection  of  the  end 
of  the  span,  due  to  the  shearing  stresses  caused  by  uniform  loading,  is 
about  4%  of  that  due  to  the  flexural  stresses  from  the  same  cause;  that 
the  deflection  of  the  end  of  the  span  due  to  the  shear  caused  by  a  load 
at  the  end  is  about  'd%  of  that  due  to  the  flexural  stresses  from  the 
same  cause;  and  that  the  calculated  moment  over  the  center  sujoport, 
obtained  by  a  consideration  of  the  flexural  stresses  alone,  is  about 
2.6/i^  greater  than  that  obtained  by  taking  into  account  the  effect  of 
the  shearing  stresses. 
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For  the  longer  and  heavier  draw-span,  the  consideration  of  the 
effect  of  the  shearing  stresses  shows  differences  about  twice  as  great, 
in  each  instance,  as  was  shown  for  the  shorter  and  lighter  structure. 

That  the  effect  of  the  shearing  stresses  should  be  greatest  in  the  long 
girder,  does  not  seem  to  be  in  accord  with  the  fact  that,  for  a  beam  of 
constant  cross-section,  the  relative  effect  of  the  shearing  stresses  is 
less  the  longer  the  span ;  an  inspection  of  all  the  elements  of  the  prob- 
lem shows  that  the  much  larger  moment  of  inertia  and  the  relatively 
less  area  in  the  web  of  the  long  girder  are  more  than  sufficient  to  over- 
come the  effect  of  its  greater  length.  In  view  of  the  results  of  this 
investigation  it  would  seem  to  be  necessary  to  consider  the  effect  of  the 
shearing  stresses,  in  modifying  the  effect  of  the  fiexural  stresses  in 
designing,  only  for  very  deep  girders  subject  to  very  heavy  loads. 
The  amount  of  labor  required  for  a  proi)er  consideration  of  the  shear- 
ing stresses  is  very  small,  so  that  whenever  great  accuracy  is  required 
they  should  always  be  considered. 
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Mr.  Church.        Ieving  P.  Chukch,  Assoc.  Am.  Soc.  C.  E.  (by  letter). — The  author 
has  presented  a  derivation  of  the  "Fraenkel  Formula," 

J 
Mm  d  X 

El     '  (^^ 

0 

which  seems  to  the  writer  to  be  lacking  in  rigor;  or  at  least  would 
probably  be  so  considered  by  a  reader  not  familiar  with  the  books  on 
"Least  Work  "  by  Castigliano  and  Martin,  and  who,  therefore,  might 
be  unable  to  "  read  between  the  lines. " 

For  mathematical  jaurposes,  an  auxiliary  force  is  supposed  to  be 
aijplied  to  the  beam  at  the  point  whose  deflection  is  desired,  in  addi- 
tion to  the  actual  loading.  Now,  this  force  should  ultimately  be 
reduced  to  zero  (as  in  similar  demonstrations  by  Castigliano)  before  a 
result  can  be  reached  that  will  be  rigorously  applicable  to  the  beam 
under  actual  loading  alone.  Such  an  ultimate  reduction  to  zero  is 
presumably  implied  by  the  author  in  the  evident  assumption  that  the 
effect  of  the  bending  moment  due  to  the  auxiliary  force  in  the  produc- 
tion of  the  change  of  length.  A,  in  fiber,  is  negligible.  Strictly,  if  M' 
denote  the  bending  moment  due  to  the  auxiliary  force  alone,  we  should 

have 

(M  +  M')  y  d X    .     ^     ^     .Mydx 

X  = -ni  r    ;  instead  of  — ;;  ,    . 

EI  EI 

To  ignore  the  M',  then,  when  added  to  the  M  (moment  due  to  actual 
loading),  is  to  anticijiate  the  final  reduction  to  zero  of  the  auxiliary 
force.  But,  in  the  demonstration,  as  presented  by  the  author,  the 
auxiliary  force  used  is  one  of  unity,  which,  of  course,  cannot  be 
reduced  to  zero;  and  nothing  is  said  as  to  any  change  of  value  on  the 
part  of  this  force. 

To  the  writer,  this  obscurity  seems  entirely  unnecessary,  and  he 
would  suggest  the  following  changes  in  the  details  of  the  argument: 
Let  the  auxiliary  force  at  the  point  in  question  have  a  value  of  §  units ; 
and  let  A'  be  the  deflection,  in  the  .direction  of  this  force,  of  the  point 
of  application;  as  due  to  the  combined  action  of  §  and  the  actual 
loading. 

Under  these  circumstances,  if  M'  is  the  bending  moment  at  any  sec- 
tion as  due  to  §  alone,  the  final  stress  in  any  fiber,  as  due  to  §  alone, 

M'y 
will  be  — ~  ;  and  hence,  eventually,  the  internal  work  due  to  Q  alone, 

in  the  simultaneous  and  gradual  application  of  both  §  and  the  actual 
loading,  will  be,  for  the  whole  beam 


=/: 


^  (3/-I-  M')  M'  dx 


W=^l    0 2El  ; (1«) 
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while  the  external  work  of  Q  will  be  Mr.  Church. 

J' 


W  = 


2      

Equating  these  values  of  W  and  W,  we  have 

§  //'  _     r^  {M+  31')  M'  dx 


{2a) 


^  J    o 


2EI 

If,  now,  we  define  a  quantity,  m,  as  being  the  rate  at  which  Q  pro- 
duces the  bending  moment,  M',  in  any  section;  in  other  words,  if  we 
state  that  the  value  of  M'  is  at  the  rate  of  m  foot-pounds  moment  for 
each  pound  (or  other  lanit)  in  the  value  of  Q,  we  may  write  M'  —  Q  m; 
whence 

Q  ^' _  r.    r^  iM+  Qm)mdx 

2      ~^J    0  2Wl ^2^) 

In  this  expression  it  is  to  be  specially  noted  that  m  is  a  function 
simply  of  the  position  of  Q  (being  numerically  equal  to  the  bending 
moment  that  would  be  produced  at  any  section  by  a  force  of  unity  at 
the  point  in  question),  but  that  it  is  not  a  function  of  the  magnitude 
of  Q. 

Equation  26  may  now  be  written 

r^  {M+  qm)mdx 
J    0  El  '  ^^"^ 

and  is  evidently  available  for  determining  the  deflection  of  the  point 
of  application  of  Q,  in  direction  of  Q,  as  due  to  both  the  original  load- 
ing and  the  force,  Q,  itself;  Q  having  any  value.  If,  now,  Q  be  made 
equal  to  zero,  the  equation  takes  the  form 

/^  Mm  d  X 
o^'El-'-   •■•••(3) 

the  quantity,  m,  retaining  its  first  value,  since  it  is  independent  of  the 
magnitude  of  Q,  while  J  denotes  the  deflection  of  the  point  in  ques- 
tion, as  due  to  the  original  loading  alone.  In  this  way  it  would  seem 
that  all  obscurity  in  the  derivation  of  the  Fraenkel  Formula  might 
be  avoided.  It  can  easily  be  shown,  however,  that  Equation  2c  is,  after 
all,  nothing  more  than  an  expression  of  the  fact  or  theorem,  proved  by 
Castigliano  and  others,  that  the  deflection  or  displacement  (in  the 
direction  of  the  force)  of  the  point  of  application  of  a  force,  Q,  acting 
with  other  forces  on  an  elastic  beam,  is  equal  to  the  derivative  (or 
"  difi'erential  coefficient  ")  of  the  total  internal  work  of  the  beam,  with 
resj)ect  to  the  force,  Q.  For  it  will  be  noticed  that,  if  M"  be  used  to 
denote  the  bending  moment  at  any  section,  as  due  to  all  the  loads, 

d  M" 
including   Q  (that  is,  let  M"  ^  M -\-  Q  m),  we  have        „     =  to;. and 

a  y 

hence  Equation  2c  becomes 

'""(i^y, (2rf) 


/} 


r^  M" 

J   oEI 


\dq 
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Mr.  Church.  Now,  the  total  internal  •work  of  flexure  for  tlie  beam  (as  far  as  bend- 
ing moments  are  concerned)  is  known  to  be 

"J    0     2^^    ' 

and  hence,  by  Castigliano's  Theorem,  just  mentioned,  we  have,  for  the 
deflection,  A',  at  the  point  of  application  of  Q, 
..       d  W" 


dQ 


that  is, 

A'  = 


which  is  seen  to  be  identical  with  Eqiiation  2d. 

It  follows,  therefore,  that  the  quantity,  m,  while  numerically  equal 
to  the  bending  moment  that  would  be  due  to  a  force  of  unity  at -the 
point  of  application  of  Q  and  having  the  same  direction,  is  simply  the 
derivative  Of  the  total  bending  moment  at  any  section,  with  resjDect  to 
Q.  As  already  noted,  this  derivative  is  independent  of  the  magnitiide 
of  Q  {31"  being  a  linear  function  of  Q),  and  hence  has  the  same  value, 
when  Q  becomes  zero,  as  for  any  other  magnitude.  It  is  thus  seen 
that  the  "Fraenkel  Formula"  is  a  particular  case  of  "Castigliano's 
Theorem." 

While  the  Fraenkel  Formula  is  doubtless  the  most  advantageous 
for  the  problems  treated  in  this  pajier,  it  may  be  of  interest  to  call 
attention  to  the  fact  that  the  Theorem  of  Three  Moments  (with 
variable  moment  of  inertia),  may  be  used  for  the  same  purpose  (if  the 
influence  of  shear  be  disregarded),  for  the  reason  that  in  its  most 
general  form  this  theorem  relates  to  any  three  points  in  the  elastic 
curve  of  a  bent  beam  (whether  or  not  there  are  supports  at  any  of  these 
three  points);  and  that  it  introduces  the  deflection  of  the  intervening 
point  below  the  straight  line  joining  the  other  two.  "WTien  the  theorem 
is  applied  to  Problems  Nos.  1,  2  and  3,  of  the  paper,  the  three  jjoints 
chosen  would  be  the  two  extremities  of  the  beam  (over  the  supports), 
and  the  point  whose  deflection  is  desired.  "Under  these  circumstances, 
the  desired  deflection  is  identical  mth  that  which  appears  in  the  state- 
ment of  the  theorem,  and  the  end  moments  are  each  zero;  so  that  a 
solution  is  immediately  effected  for  the  deflection.  A  similar  obvious 
appUcation  may  be  made  for  Problems  Nos.  4  and  5. 
Mr.iMerriman.  Mansfield  Mekeiman,  M.  Am.  Soc.  C.  E. — The  speaker  has  read 
this  paper  with  much  interest,  and  regards  it  as  a  valuable  contribu- 
tion to  the  theory  of  beams.  The  general  method  of  determining  de- 
flections of  beams  with  variable  moments  of  inertia  has  long  been 
known,  but  this  appears  to  be  the  first  deduction  which  includes  the 
shearing  resistance  of  the  web,  as  well  as  the  tensile  and  compressive 
resistances  in  the  flanges.  The  formulas,  although  apparently  lengthy, 
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are  not  difficult  of  application,  and  it  is  now  possible  to  make  precise  Mr.  Merriman. 
computations  of  the  deflection  of  the  ends  of  a  plate-girder  drawbridge 
with  variable  cross-sections. 

The  early  investigators  regarded  the  influence  of  the  shearing 
stresses  on  the  deflection  as  too  small  to  be  considered.  For  a  long 
beam  of  constant  cross-section  this  is  often  the  case,  but  when  the 
beam  is  short  the  influence  of  shearing  may  be  very  marked.  A  plate- 
girder  is  a  case  where  the  shearing  efi'ects  should  not  be  neglected, 
and  it  appears  that  the  influence  of  variable  cross-section  produces 
changes  in  the  reactions  and  bending  moments  which  are  unexpected. 
It  may  be  noted,  moreover,  that  the  influence  of  shear  seems  to  increase 
with  investigation;  every  extended  analysis  seemingto  make  itslightly 
greater  than  before. 

The  work  in  the  flanges  due  to  shearing  is  but  a  small  part  of  that 
in  the  web,  as  the  author's  investigation  fully  shows,  and  hence  it  may 
properly  be  neglected.  The  author's  treatment  of  the  work  in  the 
web,  regarding  the  shear  to  increase  toward  the  neutral  axis,  is  in  the 
right  direction,  but  after  this  was  done  it  is  not  clear  why  the  co- 
efficient, f ,  was  not  retained  in  the  general  formula  on  page  15.  Neg- 
lect of  the  shear  in  the  flanges  does  not  appear  to  be  balanced  by 
neglect  of  the  actual  distribution  of  the  shear  in  the  web.  The 
effect  of  these  assumptions  on  the  deflection  is  not  great,  but  the  effect 
on  the  reactions  and  bending  moments  in  the  cases  considered  may 
perhaps  be  a  considerable  one.  The  author's  very  excellent  investiga- 
tion cannot,  therefore,  be  regarded  as  final  in  regard  to  the  influence 
of  the  shearing  stresses. 

In  reference  to  this  it  may  be  observed  that  the  common  theory  of 
beams,  in  which  the  stresses  are  represented  by  horizontal  tensions 
and  compressions  and  by  vertical  shears,  is  an  approximation  only. 
At  any  point  in  the  beam  there  really  act  tensile  and  compressive 
stresses  at  right  angles  to  each  other,  but  these  are  not  horizontal,  ex- 
cept at  the  upper  and  lower  surfaces,  while  the  shearing  stresses  are 
not  vertical,  but  oblique.  The  actual  condition  is  hence  one  of  great 
comijlexity,  and  it  may  be  considered  as  surprising  that  the  common 
theory  gives  results  for  common  cases  agreeing  so  closely  with  prac- 
tice. In  extreme  cases,  however,  the  theory  must  be  supplemented 
to  meet  the  unusual  conditions.  The  pajjer,  therefore,  treats,  not  only 
with  a  practical  engineering  problem,  but  with  an  important  scientific 
question. 

C.  H.  LiNDENBERGEK,  Assoc.    Am.    Soc.    C.    E.    (by  letter). — The  Mr.  Linden- 
writer  is  glad  to  see  that  Mr.  Hudson  is  urging  reform  in  the  compu- 
tation of  girders  with  variable  moments  of  inertia. 

What  is  wanted  is  mainly,  not  new  formulas,  but  simpler  methods 
of  applying  those  already  in  existence  ;  for,  in  the  writer's  experience, 
it  requires  only  a  small  amount  of  mental  confusion  to  discourage  the 
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^\erger^"  o^^dinary  bridge  computer.  This  is  not  a  fault  of  intellect,  but  is  due 
to  the  fact  that  comjjutation  is  a  task,  and  not  a  luxury,  wit^i  him, 
and  he  is  obliged  to  crowd  a  great  deal  into  a  day's  work,  under  cir- 
cumstances which  practically  prohibit  studying  out  abstruse  problems. 
The  writer  was  also  much  gratified  to  find  that  Mr.  Hudson's  for- 
mula, originally  due  to  Professor  Fraenkel,  agrees  with  that  of  the 
writer,  published  in  1891.  The  agreement  is  not  a  mere  general  agree- 
ment, but  a  ijrecise  and  exact  identity,  in  any  and  every  particular 
when  concentrated  loads  and  vertical  deflections  only  are  considered. 
The  fact  of  this  identity  can  be  demonstrated  analytically,  by  develop- 

/M  in  dx 
— y  ^  '  ,  for  the  cases  given;  but  the  question  is  of 

only  theoretical  importance,  and  hardly  interesting  enough  to  print  in 
the  Transactions. 

The  formula  which  the  writer  calls  his  is  merely  the  old  three- 
moment  theorem  applied  to  girders  with  variable  moments  of  inertia, 
and  is  originally  due  to  Professor  Weyrauch  in  his  "Coutinuirlichen 
Tind  Einfachen  Trager."  The  writer  is  indebted  to  Malverd  A.  Howe, 
M.  Am.  Soc.  0.  E.,  for  his  knowledge  of  the  subject,  as  given  in  Mr. 
Howe's  "  Continuous  Girder."  This  formula*  is  a  rearrangement  and 
simplification  of  these  others  that  preceded  it,  and,  of  course,  gives, 
absolutely  and  rigorously,  identical  results.  The  integrals  for  uni- 
form load  were  not  developed. 

The  problem  of  simplification,  for  the  hurried  and  busy  computer, 
has  about  reached  its  limit,  as  far  as  analysis  is  concerned.  All  that 
remains  is  to  calculate  a  case,  with  all  its  numerical  details,  and  show 
that  Greek  letters  and  signs  of  summation  are  not  nearly  as  comijli- 
cated  as  they  aijpear  to  be. 

It  will  be  shown  that  not  only  is  the  formula  comjilete,  as  a 
method  of  calculation,  but  also,  that  every  single  detail  of  the  process 
can  be  checked  by  a  graphical  method,  and  this  is  not  possible  by  any 
other  formula. 

The  girder  selected  is  the  one  detailed  by  Mr.  Hudson :  101|  ins. 
deep  and  156  ft.  long.  It  will  be  supposed  to  rest  on  two  supports, 
and  the  deflection  at  a  point  70  ft.  from  the  left  end  is  wanted.  Now, 
it  may  be  considered  as  a  girder  continuous  over  three  supports,  pro- 
vided it  be  assumed  that  the  support  at  the  deflection  point  has  sunk, 
so  that  the  girder  just  touches,  and  the  reaction  is  zero. 

Then  Zj  =  first  span  =  70  ft. ; 

l^  =  second  sjian  =  86  ft. ; 

£y  and  £,,  _]  are  the  horizontal  co-ordinates  of  two  jjoints, 
respectively,  of  this  gii-der,  between  which  the  moment 
of  inertia  is  constant; 
/y  is  the  moment  of  inertia  between  these  points; 

*  Journal  of  the  Franklin  Institute,  January.  1891. 
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M2  is  the   moment  at  the  deflection  point,  and  is  positive  Mr.  Linden- 
when  there  is  tension  on  the  upper  flange;  erger. 

Eis  the  modulus  of  elasticity  =  4  176  000  000  lbs.  per  square 
foot. 

J    £„  "  ~ 


2  ^- 

£/  —  £■ 

2 

V  —  I 

e\,  —   £■ 

3 
v-1 

I. 

-    'dl\ 

^^\ 

21, 

=  J   £..  — 

3l\ 

'11,  6  L\ 

2  is  the  sign  of  summation. 

Take  the  sum  of  the  above  from  end  to  end  of  the  rth  span;  then 

000 

P,  is  a  load  in  the  rth  span.  In  this  case  Pj  =  40  000  lbs. ;  P.^  = 
20  000  lbs. 

Aj.  is  the  distance  of  a  weight  in  the  Hh  span  from  its  left  support. 
In  this  case  a,  =  47  ft.,  and  02  =  25  ft. 

R  ffli  Cbi 

p-  =  ik—  «i)  ^  n  +  «i  {Li  —  2  A„) ; 

-'1  0  o 

I?  _  (^^  _  ^,_^)  f  A„  +  «.  ( 7;  -  ^  r„) ; 

-'2  o  o 

ho  is  the  deflection,  jjositive  downward. 

The  following  definitions  relate  only  to  the  graphical  method,  but 
it  is  necessary  to  give  some  idea  of  them  here,  in  order  to  explain  the 
necessity  for  a  change  in  the  arrangements  of  the  moments  of  inertia, 

9,  in,  and  J,  are  purely  arbitrary  quantities  used  only  in  the  graph- 
ical calculation. 

.  Q  =  &  E  multiplied  by  an  arbitrary  moment  of  inertia,  here  taken 
as  30  ft.  (four  dimensions).  Its  use  is  to  eliminate  E  and  to  obtain 
linear  quantities.     Hence  9  =  180  E. 

It  may  seem  somewhat  queer  to  say  that  the  unit  of  force  is  also 
the  unit  of  length,  viz.,  1  ft. ;  but  this  is  what  must  be  done  here,  since 
^is  eliminated.     Everything  is  measured  in  feet. 

J  is  the  i^ole  distance  of  a  force  j^olygon.  for  forces  as  described 
below.     It  is  here  taken  at  30  ft. 

m  is  the  width  of  a  right  parallelogram,  the  length  of  which  is  the 
length  of  the  span,  and  is  here  assumed  to  be  10  ft.  This  parallelo- 
gram is  divided  into  two  main  triangles  by  one  of  its  diagonals.    Each 
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Mr.  Linden-  of  these  triangles  is  divided  by  vertical  lines,  at  the  points  where  the 
^^^^  '  moments  of  inertia  change  values,  into  smaller  subdivisions,  viz.,  an 
end  triangle  and  one  or  more  trapezoids.  The  areas  of  these  smaller 
subdivisions  divided  by  their  respective  corresiionding  girder's 
moment  of  inertia,  are  reduced  to  linear  quantities  and  are  considered 
as  vertical  forces  acting  through  the  center  of  gravity  of  the  areas 
from  which  they  are  derived.  The  moments  of  these  forces,  with 
respect  to  the  supports,  are  proportional  either  to  r,.,  A„  or  r^„  accord- 
ing to  which  supi^ort,  or  which  half  of  the  parallelogram,  is  taken. 
The  moments  of  the  forces,  and  therefore  y^„  A.,,  and  r^,,  are  found  by 
constructing  an  equilibrium  polygon  and  prolonging  the  bounding 
lines  to  the  verticals  through  the  sup]Jorts,  the  same  as  any  ordinary 
equilibrium  polygon. 

It  will  be  plain  from  this  that  to  obtain  G,.,  L,.  and  T^  the  end  sides 
of  this  equilibrium  polygon  are  j^rolonged  to  the  verticals  through 
the  supports.  Now,  if  the  arrangement  as  given  by  Mr.  Hudson  is 
examined,  it  will  be  found  that  part  of  the  girder,  the  moment  of  in- 
ertia of  which  is  24.96,  has  only  3  ft.  in  the  first  span  and  1  ft.  in  the 
second  si^an.  The  sides  of  the  equilibrium  j)olygons  at  the  right  end 
of  the  first  span  and  the  left  end  of  the  second  span  would  there- 
fore be  entirely  too  short  to  prolong  to  the  verticals  through  the  sup- 
ports.    In  the  first  span,  therefore,  two  i^ai'ts  are  consolidated,  and 

,-  X    p  •       X-  1       20.96  X  30  +  24.96  x  3      ^,^  _     .      . 

the  moment  or  inertia  used  = — =  21.32.  Again, 

66 

in  the  second  span  we  have  the  24.96  section,  on  the  left,  1  ft.  long^ 

then  the  29.08  section,  14  ft.  long;  then  another  24.96  section,  4  ft. 

long.     In  order  to  make  the  drawing  clear  and  distinct  all  these  were 

consolidated    into   a   section   the    moment    of    inertia    of    which    is 

24.96  X  5  +  29.08  x  14  _^  ^  .•  i  i  i  i  •. 
zr^ =  28.     In  practical  work,  on  a  larger  scale,  it 

would  not  be  necessary  to  go  to  these  extremes  in  either  span;  but  in 
a  drawing,  in  which  the  subject  is  illustrated  and  explained,  every- 
thing should  be  clear  and  distinct. 

The  error  due  to  these  assumptions  has  been  duly  calculated,  by 
the  tabular  method  explained  below,  and  is  only  about  -4-0  of  1  per 
cent. 

The  theorem  of  three  moments*  assumes  the  following  form  for 
this  case  : 


h.,= 


Moments  causing  tension  on  the  uj^per  flange  are  considered  posi- 
tive, and  deflections  are  positive  downward. 

Since  this  girder  is  in  reality  only  a  simple  girder  with  reaction 
zero  at  the  middle  support,  we  can  at  once  compute  J/^thus:     The 

*  Journal  of  the  Franklin  Institute,  January,  1891. 
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reaction  at  the  left  end  of  the  girder 

=  j^  (  20  000  X  61  +  40  000  x  109^)  lbs.  =  35  769  lbs. 

M2  =  —  (35  769  X  70  —  40  000  x  23)  =  —  1  583  830, 
measured  in  foot-pounds. 

We  will  now  proceed  to  calculate  G^,  L^  and  B^  from  the  following 


Mr.  Linden- 
berger. 


table : 


First  Span. 


V 

«t) 

Iv 

Ae=„ 

2   A   6  =  „ 

Ae3„ 

2  A  e3„ 

1 

37 
70 

17.06 
21.32 

80.2462 
165.6191 

2  969.1090 
13  712.3358 

3 

245.6653 

16  681.4448 

EG,  =  '^^^=1.1US-, 


ELi 


14  700 
245.8653       16  681.4448 


1.7562  —  1.1348  =  0.6214. 


140  14  700 

o,  a, 

To  compute  2  y^,  and  2  A^,,  we  must  find  the  functions  like  those  in 


o 


o 


the  table  between  the  points,  e  =  ai  =  47,  and  £  =  Cj  =  37;  thus, 

^  ^3  _  (47)^  -  (37)^  _  2 


a, 


E2r,= 


21.82 
2  969.1090  +  2  493.9024 


493.9024. 


0.3716; 


14  700 

j^'^      _  80.2462  +  39.3996       2  969. 1090  +  2  493.9024 
\     "  140  14  700 

=  0.8546  —0.3716  =  0.4830. 
Hence, 

^5i  =  40  000  [23  X  0.3716  +  47  (0.6214  —  0.4830)]  =:  602  064. 
The  next  is  the  calculation  of  L^,  T^,  and  A2,  which  is  done  from 
the  following  table: 

Second  Span. 


V 

«v 

Iv 

Ae„ 

2  Aei, 

A  i^v 

2  A  £% 

Ae3„ 

2   A£3„ 

1 

19 
49 

86 

28. 

20.96 

17.06 

0.6786 
1.4318 
2.1688 

"'z'.'xm" 

4.278V 

12.8929 

97.3282 

292.7902 

244.9643 

5  285.7824 
30  387.2802 

3... 
3... 

110.2211 
403.0113 

5  530.7467 
85  918.0269 

EL,^  40a0113  _  35  918.0269  ^  ^^^^  _  ^^^^^  ^  ^^^^^. 


172 


22  188 


E'l,  =  4.2787  -  i°8#^  +i5|l?:^  =  4.2787  -  4.6862  +  1.6188 


86 


22  188 
=  1.2113. 
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Mr.  Linden-        In  order  to  compute  A^,  we  must  compute  ^  s,  J  e^,  and  J  e^  for 
berger.     ^^^^^  ^^^.^  ^^  ^^^  girder  between  £  =  a,  =  25  ft.,  and  f  =  19  ft.,  thus: 

,  _  (25)'- (19)'  __ 
"^  '  -        20.96       -  l^"''"*' 

^  '^  =  ""2a9r''  =  '''■''''■' 

^^      _  12.8929  4- 12.5954       244.9643  +  418.2252 
o     "  ~  172  ~  22  188 

=  0.1482  —  0.0299  =  0.1183; 
^5  r.  =  0.6786  +  0.2863  -  12:8929^+J^,6954  _^  244.9643+418.2252 

0  ob  ^.2  loo 

=  0.6786  +  0.2863  —  0.2964  +  0.0299  =  0.6984; 
EA^-^  20  000  [61  X  0.1183  +  25  (1.2113  —0.6984)  J  =  400  776. 
Substituting  all  values  in   the   three-moment  theorem,  previously 
mentioned,  as  applied  to  this  problem,  we  get 

,    _  70  X  86  [1  583  830  (1.1348  +  1.2113)  +  400  776  +  602  064] 
2  ~  (70  +  86)  4  176  000  000 

=.0.0436  ft.  =  0.5232  in. 
In  the  girder,  as  designed  by  Mr.  Hudson,  the  deflection  would  be 
0.04359  ft. 

The  reader  who  examines  the  original  article,  in  the  Journal  of  the 
Franklin  Institute,  will  find  some  changes  introduced  which  the 
writer  believes  will  facilitate  calculation.  In  j^articular,  instead  of 
6y_i,  which  is  rather  confusing,*  the  writer  has  substituted6  E I^,  here, 
which  represents  the  same  idea,  and  has  changed  the  formula  so  that 
no  double  work  is  done  by  first  multiijlying  by  and  then  dividing  by 
6  l\,  6  /„  etc. 

While  the  above  completes  the  tabular  method,  there  are  some 
data  which  are  useiul  in  checking  up  the  graphical  method;  or,  per 
contra,  in  checking  the  tabular  method  from  the  graphical.  The 
figures  of  the  tabulation  may  be  checked  from  the  graphical  method, 
as  will  be  shown  later. 

From  the  table  for  the  "  first  sjDan  "  we  get: 

E  n^  0.202;  ^  A,  =  0.3712; 

E  r2  =  0-  9328 ;  E  X^  =  0. 2502. 

Also,  from  the  table  for  the  "  second  span  ": 

E  A.i  =  0.064;  E  r^  =  0.5397; 

^A2  =  0.3276;  ^r2  =  0.5378; 

E  A3  =  0. 3327 ;  ^  r J  =  0. 1338. 

The  following  is  an  exjilanation  of  the  graj^hical  method.     Fig.  12 

represents  the  method  of  calculating  L^,  6rj  and  B^.     In  Fig.  13,  L2, 

T2  and  A2  are  computed.     The  ujjper  jiart,  in  each,  shows  the  girder, 

*  See  Howe's  "  Continuous  Girder  "  for  subscript  copied. 
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Mr.  Linden- 
berger. 


Fig.  12. 


28  DISCDSSIOX   ON   DEFLECTIONS   OF   BEAMS. 

Mr.  Linden-  its  moments  of  inertia,  and  its  load.  Below  this  is  the  triangle,  half 
of  the  parallelogram  previously  mentioned.  We  are  to  calculate  the 
required  quantities  from  the  areas  of  the  subdivisions  of  this  triangle. 
Underneath  the  triangle  is  the  equilibrium  polygon,  and  on  the  left  is 
the  force  jjolygon,  the  pole  distance  of  -which  is  J {=^  30  ft.),  both  of 
which  have  also  been  described  previously  in  a  general  way.  It 
should  be  noted  that  in  Fig.  12  the  toe  of  the  triangle  is  on  the  left 
side,  while  in  Fig.  13  it  is  the  reverse. 

If  V  is  the  niimber  of  any  section,  either  in  Fig.  12  or  Fig.  13,  then 
the  formula  for  the  ordinate,  E,,  C^,  is 

rr   ^  _E  I^,  I 

and  e  =  180  E. 

We  will  commence  with  these  in  Fig.  12: 

Vj  and  v^,  respectively,  are  the  middle  points  of  Cy  B^  and  B^  B^- 
From  each  of  these  points  draw  a  horizontal  line.  The  sloping  line, 
E^  Cq,  intersects  the  horizontal  line  drawn  through  v^  at  F-^.  V^  is  on 
the  vertical  through  Cq.  In  a  similar  manner,  the  sloping  line,  E^  Cj, 
intersects  the  horizontal  line  drawn  through  V2  at  Fo,  and  V^  is  on  the 
vertical  through  Cj. 

i^i  Fj  and  F^  Vo  are  to  be  considered  as  vertical  forces  acting 
through  the  centers  of  gravity  of  the  respective  areas  to  which  they 
belong.  Thus  F^  Fj  acts  through  the  center  of  gravity  of  the  triangle, 
CJ)  (7i  B^.  F2  V2  acts  through  the  center  of  gravity  of  the  trapezoid, 
Cj  G2  B.2  B^.  These  forces  are  directly  proportional  to  the  areas  to 
which  they  belong,  divided  by  the  respective  girder's  moment  of  iner- 
tia. It  is  a  matter  of  prime  importance  that  the  exact  center  of  gravity 
of  these  trapezoids  be  computed  accurately  when  they  are  relatively 
large,  like  this  one.  An  old  method  of  doing  this  graphically  is  here 
described,  not  because  engineers  may  not  know  it,  but  because  most 
people  easily  forget  these  things  when  they  are  out  of  their  line.  It 
is  shown  in  Fig.  14.  A  G  B  B  is  the  trapezoid,  and  H  L  a  line  that 
bisects  the  sides,  A  B  and  C  D.  On  A  B,  produced,  lay  oS  A  E  = 
C  JD,  and  on  C  D,  produced,  lay  oS  D  F  =  A  B,  and  draw  E  F. 
Then  G,  at  the  intersection  of  E  F  and  H  L,  is  the  center  of  gravity. 

Construct  the  force  polygon,© — 1  — 2  —  7*,  by  laying  off  0 — 1  —Fi  V] 
and  1  —  2  =  i'^g  ^^»  ^^^  assume  a  pole  the  perpendicular  distance  of 
which  from  the  force  line  (=  /)  is  here  assumed  at  30  ft.  From  this  the 
equilibrium  polygon,  0  —  1 ' —  2 '—  /,  is  constructed  in  the  usual  manner. 
Prolong  the  end  sides  to  intersect  the  verticals  through  the  supports 

at  G  and  L  ;  then  0  G  = = — \  and  IL  = y — -.    Now,  this  factor, 
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Mr.  Llnden- 
berger. 


Fig.  13. 
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Mr.  Linden-    mO         10  X  180  ^        __    „  i    .a,        *  -.  ^i,  i     i  •  +i 

beiger.     — =^  =  — =:  60  E,  and,  therefore,  if  the  work  done  is  exactly 

correct,  0  G  should  measure  68.088  ft.,  and  /  L  should  also  be  37.284  ft. 
Of  course,  such  accuracy  is  not  i^ossible.  The  figures  of  these  draw- 
ings, however,  are  invariably  carried  out  to  several  places  of  decimals, 
far  beyond  the  ability  of  the  draftsman,  even  if  using  a  microscope, 
for  thereby  the  subject  is  illustrated  more  accurately. 

The  next  is  the  calculation  of  Bi-  The  vertical  through  the  load, 
Pi,  intersects  the  closing  line  of  the  equilibrium  polygon  at  W,  and 
the  triangle,  C^)  0-2  -Bj,  in  a  line,  p  q.  The  center  of  gravity  of  the 
trapezoid,  C^p  q  B^,  i^  in.  &  vertical  through  s.  The  center  of  gravity 
of  the  trapezoid,  p  q  B.2  Co,  is  in  a  vertical  through  z.  Both  these 
points  are  on  the  bounding  lines  of  the  equilibrium  polygon.  Draw 
s  z  and  produce  it  both  ways  to  the  verticals  through  the  sujaports  at 
6  and  f/.     It  intersects  the  vertical  through  TFat  w. 

Then 

W«  =  12.9014  ft.  =  ^l|l  =  Z  ^  r  ""^^i^' 
Jl^  P,        30  X  70  X  40  000 

.            „        602  064        .         ,  .       - 

whence  B^  = — ,  as  tound  previously. 

Attention  is  now  called  to  Fig.  13,  representing  the  second  span, 
and  from  which  we  are  to  calculate  L,,  Tg,  and  A 2-  The  formula  for 
computing  E^  (7,,  E^  Cj,  etc.,  applies,  as  heretofore  given,  and  we 
therefore  deduce  (omitting  E) : 

£,C,=^i|A6  =  13,38  ft. 
£,0.  =  ?5:2^^«  =  10.01  ft. 

loO 

^,C,  =  1^^  =  8.16  ft. 

Pj  F,,  F.2  V2,  etc.,  are  computed  graphically  in  the  same  manner  as 
in  Fig.  12,  and  they  are  used  for  similar  purposes.  That  is,  when 
necessary,  G2,  B2,  and  incidentally  L2,  are  computed  from  these  in  the 
same  way  as  in  Fig.  12. 

The  lines  that  are  used  as  forces  here,  however,  are  not  these,  but 
are/,  n^,f2n2,  etc. 

The  manner  of  computing  any  of  these  will  be  explained  from  one 
example.  Suppose  the  point,  F^,  is  found.  Produce  the  sloping 
line,  E2  Ci,  through  P,  until  it  intersects  the  bottom  line  of  the  paral- 
lelogram at/2.  -^  vertical  through  F2  intersects  this  bottom  line  at 
«2.     The  lines,/,  n^,/^  n^,  are  found  in  the  same  manner. 

These  lines,  /  %„  /,  ^2,  etc.,  are  considered  as  forces,  and  are 
directly  proportional  to  the  areas  to  which  they  belong  divided  by 
the  respective  gii-der's  moment  of  inertia.  These  subdivisional 
areas  are  contained  in  the  triangle,   Cg  A^  A^.    f^  n^  belongs  to  the 
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trapezoid,  C,,  B^  A^  J,),  /j  n.,  belongs  to  the 
trapezoid,  B^  B2  ^2  ^v  fi  "-3  belongs  to  the 
triangle,  B2  A^  A^.  This  is  a  different  arrange- 
ment from  that  for  F^  T,,  Fo  Fj,  etc.,  as  the  sub- 
divisions for  these  are  taken  from  the  other 
half  of  the  parallelogram.  The  lines,  /j  n■^,  /,  n.^, 
etc. ,  are  considered  as  acting  through  the  center 
of  gravity  of  the  areas  to  which  they  belong,  and 
are  laid  off  in  the  force  polygon:  fy  w,  =  0-1; 
/2  ^2  =^  1~^'  ^tc.  The  pole  distance  =  ./=  30  ft. 
The  equilibrium  polygon,  0  —  1'  —  2'  —  3'  — 
t,  is  constructed  in  the  usual  manner.  Prolong 
the  end  sides  of  this  equilibrium  jjolygon  to  the 
verticals  through  the  supj)orts,  intersecting  them 
at  L  and  T. 


Mr.  Linden- 
berger. 


Fig.  14. 


Then 


0L  = 


Tt=. 


m  Q  L, 


J 
J 


^  --=-.  43.458  ft. 


72  678  ft. 


The  next  is  the  calculation  of  A.2.  The  vertical  through  the  load, 
Poj  intersects  the  closing  line  of  the  equilibrium  polygon  at  W,  and 
the  triangle,  Gq  A^  Aq,  in  a  line,  p  q. 

The  center  of  gravity  of  the  trapezoid,  B^  p  q  A^,  is  in  a  vertical 
through  s,  and  the  center  of  gravity  of  the  trapezoid,  j^  B^  A^,  q,  is  in  a 
vertical  through  z.  Both  these  points  are  on  the  sides  of  the  equi- 
librium polygon. 

Draw  s  2  and  produce  it  to  h  and  e  on  the  verticals  through  the  suj)- 
ports.     It  intersects  the  vertical  through  TFat  w.     Then, 


Hence, 


Wio  = 


A, 


m  9  A,       1(1  X  180  £'  X  ^ 


J  4  ^2 
400  776 


30  X  86  X  20  000 


as  previously  found. 


I  =^  13.9806  ft. 


The  graphical  computation  is  now  complete,  provided  no  mistake 
has  been  made.  If  the  drawing  and  the  tabular  calculation  disagree, 
it  is  well  to  check  one  against  the  other. 

Commence  with  the  first  span : 

Oo  =  -^ri  =  12.12  ft. 

0&=  ^:S;k  =  22.296  ft, 
•J      o 

me 


cL 


22.272  ft. 


dL  = 


^2  A  =  28.98  ft. 

•J     o 


F, 


Fi  =  14.7391  ft. 
F2  =  30.4198  ft. 
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Mr.  liinden-       Now  refer  to  Fia;.  13. 
bei'ger.  °  o 

Oa=  ~  Xi=  3.834  ft. 

0  6  =  ^  i  A  =  7.098  ft. 

0  c  =  ^  (Ai  +  A2)  =  23.496  ft. 

Td=^  ri  =  32.382  ft. 

Te  =  ^2  r  =  41.904  ft. 

T/=^(r,  +^2)=  64.65  ft. 

/i  w,  =  12.6344  ft. ;    f^  n.^  =  18.1138  ft. ;    f.^  n^  =    9.7646  ft. 
F^  Vi  =    1.5689  "     F2  V2  =  11.8436  "     F^  F3  =  35.6289  " 
/i  ^0  =  14.2033  "     /J  vl,  =  29.9574  "     /g  ^_,  =  45.3935  " 
From  the   above,  considerable  checking  could  be  done,    but  the 
best  method  is  to  check  the  tables  directly,  thus: 
If  V  is  the  number  of  a  section,  then 

_  m  e 
fv  ^.-1  -Fl,       " 

To  illustrate  this,  and  check  the  table,  let  v  =  2,  in  Fig,  13;  then 

A  A,  =  29.9574  ft.  =:  ^^ ^ ^^^^^  X  J  e,  ft. ; 

whence  //  £3  =  1.4313,  as  in  the  table. 
Again, 


"    "     2  Fr\.      ^" 


and,  making  v  =  2, 


F,  F,  =  11.8436  ft.  =i^^M4x^.',  ft. 

A  s\  =  97.3282,  as  in  the  table. 
A  e'y  can  easily  be  checked  from  the  values  of  j^^,  in  Fig.  12.     In 
Fig.  13,  however,  a  different  plan  will  have  to  be  adoj^ted.     Let  F^  F* 
be  called  q^^  and  let  X^,  be  the  distance  of  the  center  of  gravity  of  the 
subdivisional  area  from  the  left  support,  then 
1   X  m  B        .0 

In  Fig.  13,  let  v  =  2.     F^V^^  11.8436  ft.     The  area  to  which  it 
belongs  is  the  trapezoid,  C\  O2  B.^  By,  and  X„  =  36.2059  ft. 
Then 

11.8436  X  36.2069  =  f^^,  X  J  A 

Whence  A  e\  =  5  285.7824,  as  in  the  table. 
There  is  another  method  of  calculating  G^,  Ly,  L^,  T^,  which  must 
be  mentioned. 
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If  the  lines  that  are  taken  as  forces  are  considered  as  such,  then  Mr.  Linden- 
there  must  be  reactions  at  the  supports  due  to  these  forces.     There- 
fore, in  Fig.  12,  the  reaction  at  the  left  supjjort  =  -^  ij  =  15.9786ft. 
The  reaction  at  the  right  support  =  'ii^  Q^  =^  29. 1803  ft.     In  Fig.   13, 
the  reaction  at  the  left  supj^ort  =  — —  T.,  =  25.325    ft.     That    at  the 

other   support  =  -y-  L.,  =  15.193  ft.     The  unit  of  force  =  the  unit  of 

length  =  1  ft.  These  reactions  are  found  in  the  usual  manner  by 
drawing  a  line  from  the  pole  parallel  to  the  closing  line  of  the  equi- 
librium polygon. 

The  reader  may  notice  the  ill-conditioned  triangles  about  the 
parallelogram.  These  were  caused  by  too  large  a  value  of  0,  but  the 
latter  cou.ld  not  be  diminished  without  increasing  the  vertical  dimen- 
sions of  the  drawing.  The  proper  value  of  6,  is  when  E^  C^,  E^  C2, 
etc.,  have  such  values  that  E^  Cy,  E.2  C],  etc.,  slope  about  at  an  average 
angle  of  45  degi-ees.  The  product,  m  X  0,  is  determined  by  the 
smallest  length  of  line  that  is  to  be  inserted  in  the  force  polygon. 

Finally,^:-  is  determined  by  the  intercepts  on  the  verticals. 

A  little  practice  will  enable  one  to  assume  proper  values. 

"When  k  =  h^  ^^^  the  girder  is  symmetrical  with  reference  to  its 
center,  the  problem  is  simpler.  0^=^  T.^;  i^i  =  L^.  Also,  if  any  two 
loads  on  these  two  different  spans  are  at  equal  distances  from  the 
center,  then,  for  these,  A^  =  -Bj.  This  is  a  very  common  case,  and 
one  in  which  only  half  the  girder  need  be  calculated. 

It  is  the  experience  of  everyone  that  an  illustration  giving  niimeri- 
cal  results  will  do  more  to  clear  ujj  difficulties  than  any  amount  of 
analytical  formulas.  This  work,  therefore,  should  have  been  done 
long  ago,  but  was  not,  for  several  very  good  reasons.  The  writer 
thinks  that  the  most  important  practical  difficulties  that  would  con- 
fuse a  computer  have  been  pretty  thoroughly  explained. 

0.  W.  Hudson,  M.  Am.  Soc.  C.   E.   (by  letter). — It  was  not  the  Mr.  Hudson. 
Avriter's  intention  to  consider  the  deformations   due  to  the  auxiliary 
load  of  unity,  in  his  derivation  of 

/'  Mm  dx 
-lEl- (3) 
0 
This  expression  is  obtained  by  making  the  internal  work, 

'^=/;4^^ (1) 

equal  to  the  external  work  W  =  -^ (2) 

The  consideration  of  the  increased  deformations  of  the  fibers,  due 


J  = 
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Mr.  Hudson,  to  the  load  of  unity,  would  increase  the  work  of  the  internal  stresses 
by  exactly  the  same  amount  that  the  consideration  of  the  increased 
deflection  due  to  the  load  of  unity  would  increase  the  work  of  the 
external  force. 

This  statement  appears  axiomatic,  and  therefore  needs  no  j)roof. 
To  overcome  any  seeming  obscurity,  the   foregoing  statement  is 
proved  by  the  writer,  as  follows: 

Let  ^1  =  the  deflection  of  the  point  of  application  of  the  force  of 
unity  due  to  its  own  action; 
A,  =  the  change  in  length  of  any  fiber  due  to  the  force  of 

.,  m  y  d  X 

unity;  —  — ~y — ,  as  was  shown  for  the  given  load- 
ing. 
The  total  change  of  length  of  any  fiber  now 

_   Ml/  d  X  m  y  d  X  .ydx 

-    EI    +    EI    =  (^^+  "^)  -wr 

and  the  internal  work  throughout  the  beam, 

p'  Mm  d  X   ,      /^ '  tn^  d  x 
'''==Jo~2El--^f7TE7 (10) 

The  total  deflection  desired,  now  =  J  +  -^d  ^iid  the  external  work 

done  by  the  force  of  unity  =  ( J  +  Jj j  X  h (20) 

Making  Equation  (10)  =  Equation  (20),  we  have 

m-  d  X 


^-^-r-^v:  - 


but  z/j  =     r'^!"^^^  therefore  //  =     f' 


M  m  d  X 


EI 

That  the  deflection  of  any  point  in  a  simple  beam  with  either  con- 
stant or  variable  moment  of  inertia  can  be  more  easily  determined 

„  .  r^Mmdx     ^,        „         dy"  M  ^.,     . 

from  //  =    /    =— .  than  from  -—^^    =    -.^  ,  >  can  very  readily  be 

J  ^       EI  d  x^  EI  -^  ^ 

seen.  The  algebraic  work  in  the  solution,  in  general  terms,  of  com- 
paratively simple  problems  by  means  of  the  second  of  the  foregoing 
being  very  laborious,  if  not  impossible. 

The  writer  is  sorry  that  the  time  at  his  disposal  did  not  permit  of 
his  making  a  determination  of  the  amount  of  work  done  by  the  shear- 
ing stresses  on  the  vertical  legs  of  the  flange  angles  and  on  the  large 
vertical  side-flange  jalates  in  the  girder  of  Case  II.  He  feels  sure  that, 
for  this  case,  neglecting  this  work  at  least  balances  the  omission  of 
the  coeflScient  ^.  For  the  girder  of  Case  I  it  would  have  been  more 
accurate  to  have  used  this  coefficient,  and  the  formula  for  its  investi- 
gation would  therefore  more  nearly  be 

/^  Mm  dx  r'  S  s  d  x 

~ET-  ^^  J  ^^-EA^- 


A  = 
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OF  THE  PROPERTIES  OF  BRICK, 
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With  Discussion  by  Messes.   E.  J.  McCaustland  and  Sheeman  M. 

TUERILL. 


This  paper  is  based  upon  tests  conducted  in  the  Civil  Engineering- 
Laboratories  at  Cornell  University,  during  the  early  part  of  the  year 
1901,  by  the  writer,  assisted  by  Professor  C.  L.  Crandall,  with  sug- 
gestions from  Professor  G.  S.  Williams. 

The  methods  of  procedure,  the  results  of  the  tests,  and  the  outline 
of  the  conclusions  are  given;  and  the  writer  hojies  that  a  complete 
discussion  of  the  conclusions  and  a  comparison  of  the  work  with 
preceding  work  in  the  same  line  may  be  brought  out. 

Geneeal  Desceiption  of  the  Investigation. 
All  the  brick  used  in  this  investigation  were  common  building 
brick,  made  at  Horseheads,  New  York,  by  the  Horseheads  Brick  Com- 
pany, and  were  of  the  usual  size  (8x4x2  ins.),  but  varied,  more  or 
less,  from  these  dimensions,  being  a  little  less  than  4  ins.  wide  and 
a  little  more  than  2  ins.  thick.  In  their  manufacture  a  mixture  of 
clay  and  shale  was  used,  and  they  were  made  by  the  stiff-mud  process^ 
under  modern  methods. 

*  Presented  at  the  meeting  of  April  15th,  1903. 
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The  tests  conducted  were  as  follows: 

Compressive  tests  of  whole  brick  on  end,  edge,  and  flat,  and  of 

brick  cubes; 
Tension  te^ts; 

Bending  or  transverse  tests; 
Shearing  and  torsion  tests. 
The  conditions  were: 
Natural  brick; 
Brick  filled  with  water; 
Keheated  brick. 
By  "  natural  brick  "  is  meant  brick  in  its  natural  condition  when 
placed  on  the  market.     By  "brick  filled  with  water  "  is  meant  brick 
placed  under  water  for  a  sufficient  period  to  be  thoroughly  saturated 
prior  to  testing,  this  condition  existing  until  the  test  was  completed. 
By   "  reheated  brick  "  is  meant  brick  which  has  been  subjected  to  a 
high  temperature  after  its  entrance  into  the  commercial  world. 

In  making  the  tests  for  compression,  the  bearings  were  ground, 
and,  in  addition,  plaster  of  Pans  and  building  paj^er  were  used. 
The  cubes  were,  in  general,  2  ins.  square,  two  cubes  being  sawed  from 
one  brick.  In  the  tension  and  torsion  tests,  the  surfaces  were  not 
ground,  but  building  jjaper  was  used  for  a  bearing.  In  the  shearing 
and  bending  tests,  the  surfaces  were  not  ground,  nor  was  plaster  of 
Paris  or  paper  used  on  the  bearings. 

PUEPOSE   OF   THE    INVESTIGATION. 

The  object  in  carrying  out  these  tests  was  to  ascertain  the  weak 
points  of  a  brick,  and,  as  brick  are  subjected  to  compression,  tension, 
bending,  shear  and  torsion,  to  a  greater  or  less  degree,  it  seemed  best 
to  test  them  under  all  these  conditions  and  compare  the  results. 

In  testing  brick  under  the  three  conditions,  natural,  filled  with 
water,  and  reheated,  the  writer  had  in  mind  brick  used  in  dry  places, 
brick  used  in  wet  iilaces,  and  brick  which  were  to  be  used  again  after 
having  passed  through  a  great  fire. 

In  dealing  with  brick  continually  under  water,  without  taking  into 
consideration  the  effect  of  freezing,  one  might  question  their  strength 
as  compared  with  natural  brick.  In  that  part  of  the  investigation, 
special  pains  were  taken  to  see  that  the  brick  were  placed  under  water 
for  at  least  1^  months,  so  that  they  should  be,  as  nearly  as  possible,  in 
the  actual  condition  of  brick  continually  under  water. 
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In  the  case  91  reheated  brick,  as,  for  example,  those  which  have 
passed  through  a  great  conflagration,  there  is  a  question  as  to  the 
advisability  of  using  such  brick,  and  that  was  one  of  the  reasons  for 
including  this  condition  in  the  investigation.  In  order  to  bring  about 
this  condition,  as  well  as  to  find  the  weight  of  the  brick  when  void  of 
moisture,  an  oven  was  built,  Fig.  1,  Plate  I,  in  which  the  speci- 
mens were  heated.  After  the  brick  were  cooled,  each  one  was  sounded 
with  a  hammer.  If  it  was  shaky,  it  was  thrown  away;  but  if  it  had  the 
ring  of  a  sound  brick,  it  was  saved  and  tested.  The  question  then 
arose:  "  Is  the  hammer  test  reliable  as  to  the  soundness  of  reheated 
brick?"  The  results  of  these  tests  show  that  it  is,  and  that  by  testing 
reheated  brick  with  a  hammer,  about  12%'  of  them  were  found  to  be 
shaky. 

Pkoperties  of  the  Brick  Tested. 

Anali/sis. — The  following  is  an  analysis  of  the  brick  tested: 


Silica (Si  O.) 64.61  per 

Alumina (AI2  O,) 20.10 

Iron  oxide (Fe,  O.^) 6.30 

Calcium  oxide (Ca  O  ) 6 .  21 

Magnesia (Mg  O  ) 2 .50 

Sulphur  trioxide (S  O,  ) trace 

Loss  on  ignition 0 .  08 

Total '. 99.80 


cent. 


Specific  Gravity 2 .  66 

Ahsorplion  of  Water. — In  determining  the  quantity  of  water 
absorbed,  500  brick  of  such  varying  hardnesses  as  would  represent  all 
grades  found  in  building  brick,  were  first  selected.  These  brick  were 
then  placed  in  the  oven  shown  in  Fig.  1.  Plate  I,  and  were  subjected 
to  a  high  degree  of  heat,  night  and  day,  for  one  week.  At  the  end  of 
that  time  it  was  found  that  the  moisture  in  the  brick  had  entirely 
disappeared.  Each  brick  was  then  taken  out  of  the  oven  separately 
and  weighed  while  it  still  contained  its  maximum  heat,  the  fire  being 
kept  going  until  every  brick  was  weighed.  The  weight  of  each  of  the 
500  brick  in  the  dry  state  was  ascertained  by  this  means. 

These  500  brick  were  next  placed  under  water  for  about  6  weeks, 
until  they  had  absorbed  all  the  moisture  they  could.     Each  brick  was 
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then  taken  out  sej^arately  and  weiglied,  and  thus  the  weight  of  each 
brick  saturated  with  moisture  was  determined.  Before  weighing,  the 
surplus  water  on  the  surface  was  removed  by  means  of  blotters.  This 
gave  the  two  weights  necessary  for  determining  the  quantity  of 
moisture  absorbed. 

Table  No.  1  shows  the  range  of  absorption  found,  and  is  a  good 
guide  as  to  the  absorption  in  common  building  brick.  In  this  table  it 
is  seen  that  brick  No.  63  has  the  lowest  absorption,  being  only  147.4 
gr.,  which  is  only  7%  of  its  weight  in  the  dry  state;  while  the  highest 
absorbed  490.7  gr.,  which  is  24.34%"  of  its  dry  weight.  The  average 
results  from  the  500  brick  are  also  recorded  in  Table  No.  1,  and  show 
a  larger  percentage  of  absorption  than  is  generally  allowed  in  specifi- 
cations for  common  building  brick.  In  specifications,  in  determining 
the  percentage  of  absorption  to  be  permitted,  the  weights  of  the  natural 
brick  and  bricks  filled  with  water  are  generally  used.  This  method 
would  tend  to  decrease  the  percentage  of  absorption,  as  recorded  in 
Table  No.  1,  and  bring  it  very  close  to  that  specified  generally. 


TABLE  No.  1. — Absorption  or  Water  in  Brick. 


Brick  No. 

Weight,  in 
grams, 
before 

immersion. 

Weight,  in 

grams, 

after 

immersion. 

Weight,  in 
grams,  of 

water 
absorbed. 

Percentage 
of  water 
absorbed. 

Remarks. 

42 

1  993.0 

2  105.8 

2  128.5 
2  015.8 

1  995.5 

2  021.2 

1  997.0 

2  012.4 
2  087.0 
2  135.5 
2  129.1 
■J  026.5 

2  193.6 

2  249.7 

2  449,1 

2  506.5 

2  222.8 
2  341.8 
2  315.7 
2  211.6 
2  369.4 
2  502.3 
2  462.6 
2  347.8 

200.6 

147.4 

320.6 

490.7 

227.3 
321.6 

318.7 
199.2 
282.4 
366.8 
333.5 
321.3 

10.07 

7.00  i 

15.06 

24.34  -j 

11.39 
15.91 
15.95 
9.89 
13.53 
14.62 
15.66 
15.85 

63 -. . . 

Very  hard.    Absorbed 
less  water  than  any 
one  of  the  500  brick. 

Very  soft.     Absorbed 
more  water  than  any 
one  of  the  500  brick. 

103 

109 

173 

190  . 

217 

221 

225 

296 

365 

400 

Averages 

Average     results 
from    500    spe- 
cimens tested . . 

2  053.9 
2  030.52 

2  347.7 
2  351.39 

294.2 
320.87 

14.19 
15.80 

In  constructing  the  oven,  a  hole,  for  an  ash  pit,  was  dug  in  the 
ground,  the  grate  was  placed  on  a  level  with  the  ground,  and  around 
this  was  built  the  oven.     No  bonding  material  was  used  in  the  casing 
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Fiti.  1.— Brick  Oven,  where  Moisture  in  Brick  Was  Driven  Off. 


Fig.  2.— Apparatus  Used  in  Determining  the  Elastic  Properties  of  Brick. 
R  =  Rocker  Bearing.  S  =  Scale. 

Q  =  Rocker  Lever.  •        T  —  Clamp. 
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of  the  oven,  tlie'bricks  being  piled  so  as  to  break  joints  proj^erly.  In 
places  where  beams  were  required,  wrought-iron  pipes  were  used,  and 
the  brick  placed  on  them.  In  order  to  prevent  leakage  of  heat,  as  miich 
as  possible,  the  larger  openings  in  the  joints  were  filled  with  sand,  and 
the  roof  was  covered  with  a  thick  layer  of  the  same  substance. 

Method  and  Appakatus  Used  in  Determining  the  Elastic 
Propekties. 

All  the  brick  used  in  determining  the  elastic  properties  were  tested 
endwise.  The  initial  load  was  100  lbs.,  and  when  this  load  was 
applied,  the  initial  reading  was  taken.  A  total  load  of  500  lbs.  was 
then  applied  and  a  second  reading  taken.  The  load  was  then 
removed  until  a  total  of  100  lbs.  was  again  obtained  and  a  third 
reading  taken.  A  pressure  of  1  000  lbs.  was  applied  and  a  fourth 
reading  taken.  The  loading  was  again  reduced  to  100  lbs.  and  a  fifth 
reading  taken.  This  method  of  loading,  unloading  and  reading  was 
followed  until  it  became  evident  that  it  would  no  longer  be  safe  to 
allow  the  apparatus  to  remain  attached  to  the  brick.  This  part  of 
the  apparatus  was  then  taken  off,  and  the  brick  was  tested  for  com- 
pression, endwise. 

The  foregoing  method  was  followed  with  each  of  the  bricks,  and, 
for  each,  four  curves  were  plotted  as  guides  in  determining  its  elastic 
properties.  Two  of  the  curves  were  plotted  from  readings  taken 
from  one  edge,  and  the  other  two  from  the  opposite  edge  of  the 
brick.  The  plotting  of  the  values  on  each  side,  comj^uted  from  the 
differences  of  readings  between  the  initial  and  the  successive  100-lb. 
readings,  gives  the  curve  of  permanent  set.  The  two  curves,  one 
on  each  side,  plotted  from  the  values  derived  from  the  differences 
of  readings  between  the  initial  loading  and  those  of  500,  1  000,  1  500 
lbs.,  etc.,  respectively,  give  the  curve  of  distortion  under  the  respective 
loadings.  The  average  of  the  curves  of  jjermanent  set  for  each  brick 
was  ascertained  by  taking  the  arithmetic  mean — that  is,  the  sum  of 
the  two  values  for  the  corresponding  loading  divided  by  two.  The 
same  method  was  followed  in  ascertaining  the  averages  of  the  curves 
of  distortion,  thus  making  two  average  curves  for  each  brick. 

The  apparatus  used  is  shown  in  Fig.  2,  Plate  I,  and  consists 
essentially  of  two  sets  of  parts,  those  not  attached  to  the  brick  and 
those  attached  to  the  brick.     In  the  former,  for  each  side  of  the  brick, 
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R 

1 


ELEVATION 


tliere  is  a  standard  containing  a  telescoj^e  with  vertical  and  horizontal 
slow-motion  screws,  and  a  scale,  S,  graduated  to  centimeters.  The 
latter  consists  of  two  rocker-levers,  Q;  rocker-bearings,  R,  with  a 
mirror  at  one  end  of  each,  one  of  each  for  eacli  side  of  the  brick;  and 
a  clamp,  T. 

Where  R  and  the  lower  end  of  Q  would  naturally  bear  against  the 
brick,  a  small  brass  plate,  in  each  place,  was  cemented  to  the  brick, 
giving  a  brass  bearing  for  these  points.     The 
details  at  R  and    the   lower   end   of    Q   are 
shown  in  Fig.  1. 

Now,  as  pressure  is  ajjplied  on  the  end 
of  the  brick,  in  the  direction  of  the  arrow, 
A,  as  shown  in  Fig.  1,  the  inside  corner  of  R 
moves  down,  revolving  about  the  edge  in  the 
groove  of  §  as  a  center.  By  this  means,  the 
mirror  at  the  end  of  R  moves  through  the 
same  angle  as  R,  thus  giving  difierent  read- 
ings on  the  scale,  S.  The  clamp,  T,  was 
used  to  hold  Q  and  R  in  position. 

When  a  total  load  of  100  lbs.  was  applied, 
the  investigator  looked  through  the  telescope 
at  the  mirror  and  read  the  scale,  in  centi- 
meters. On  applying  a  heavier  load  on  the  brick,  the  mirror  revolved, 
and  a  reading  higher  ui^  the  scale  was  obtained.  The  question  then  re- 
solved itself  into  this  form:  How  to  fincl,  from  the  differences  of  read- 
ings, the  distortions  under  the  respective  loadings?  Being  able  to 
find  the  differences  of  readings  on  the  scale,  then,  by  placing  the  scale, 
S,  at  a  definite  distance  from  the  mirror,  a  constant  was  determined, 
which,  when  divided  into  the  differences  of  scale  readings,  would  give 
the  distortions  per  unit  of  length  for  corresponding  differences  of 
loadings.     This  quantity  is  called  the  constant  of  the  machine. 

The  determination  of  the  constant  for  the  apparatus  is  worked  out 
as  follows : 

Length  of  §  =  15  cm. 

Horizontal  distance  between  bearings  of  i2  =  0.44958  cm. 

Let  the  difference  of  readings  (which  means  the  difference  between 
the  initial  reading  and  any  other  reading  taken  thereafter)  be  denoted 
by  a;  the  distance  from  the  mirror  to  the  scale  is  denoted  by  z.     After 


Brass 

mm 


Lower  end  of  Q  ' 


Fig.  1. 
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a  little  compiiting,  it  was  found  that,  with  a  constant  of  6  000,  a  con- 
venient value  for  z  was  obtained. 

Let  the  total  amount  of  dis- 
tortion be  denoted  by  x,  then 
the  distortion  per  unit  of  length 


15  • 


In    the     similar     triangles     of 

Fig.  2: 

0.14958 


2                                            Fig.  2. 

0.14958  a 

Therefore 

2                       a 

z         -       2z 

0.449.58 

Therefore 

Difference  of  scale  reading. 

2  distance  of  scale  from  mirror. 

0.44958 

Hence 

X            Difference  of  scale  reading. 
15  ~    15  X  2  distance  of  scale  from  mirror. 

Let 


6  000  = 


0.14958 
distortion  per  unit  of    length;    and   is   appli- 
cable to  any  system  of  units. 
15  X  2  distance  of  scale  from  mirror. 


0.44958 


Therefore  z,  distance  of   scale  from  mirror,  = 


6  000  X  0.44958 


2  X  15 


Therefore       -^  = 
15 


89.916  cm.  =  34.4  ins.  =  2.95  ft. 
Difference  of  scale  reading. 
6  000 


Then,  by  placing  the  scale,  -S',  2.95  ft.  from  the  mirror,  the  distortion 
per  unit  of  length    (  j^  )   w-as  obtained  at  a  glance. 

By  this  method  the  quantities  used  in  jjlotting  the  elastic  curves 
were  obtained. 

Compressive  Tests  of  Brick. 

This  set  was  tested  in  the  Riehlc,  400  000-lb.  testing  machine,  and 
consists  of  brick  on  edge,  on  end,  and  flat,  and  2-in.  cubes,  for  natural, 
fiUed-with-water,  and  reheated  brick.  The  brick  tested  on  end  were 
first  tested  for  elastic  i^roperties,  and,  after  the  mirror  micrometers 
had  been  removed,  were  tested  for  compression. 
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The  photographs  on  Plates  III,  IV  and  V  show  that  in  all  cases 
the  fractures  are,  in  general,  double-coned  in  outline,  and  that  the 
apices  of  the  cones  meet  in  the  middle.  It  will  also  be  seen  that 
the  angle  of  the  fracture  with  the  bed-plane  changes  somewhat  accord- 
ing to  the  way  the  bricks  were  tested,  and  varies  more  or  less  from  60 
degrees. 

In  testing  any  material  under  comjiression  it  is  claimed  that  a  more 
accurate  test  is  obtained  by  using  cubes  instead  of  rectangular  blocks, 
the  theory  being  that  if  tested  on  the  flat  a  considerable  percentage  of 
the  stress  necessary  for  crushing  is  used  up  in  friction,  which  takes 
place  when  the  outside  portion  of  the  brick  is  pushed  away  to  give 
room  for  the  interior  to  crush,  thus  causing  a  greater  stress  than  is 
necessary  for  crushing.  In  the  case  of  testing  on  edge  and  on  end  it 
is  advanced  that  bending,  as  in  a  column,  is  introduced  to  some  extent. 
In  the  case  of  the  cube  there  is  no  loss  of  stress  due  to  friction  on  the 
bed-plate  or  head-block,  and  no  tendency  to  bending,  as  in  a  column; 
and  these,  alone,  are  good  reasons  for  selecting  the  cube  as  the  ideal 
form  of  test  piece. 

By  comparing  the  averages  shown  in  Tables  Nos.  2  to  8,  it  will 
be  seen  that  in  every  case  brick  on  the  flat  are  the  strongest,  those  on 
edge  next  to  the  strongest,  those  on  end  next  to  the  weakest,  while  the 
cubes  are  the  weakest.  It  will  also  be  seen  that  in  all  cases  reheated 
brick  are  the  strongest,  while  brick  filled  with  water  are  the  weakest 
in  the  end  and  edge  tests,  and.  that  natural  brick  are  weakest  in  the 
flat  and  cube  tests.  Taking  the  natural  cube  as  a  standard  test  piece, 
the  percentages  of  increase  have  been  computed  as  follows: 

Cube  of  brick ;  natural 1.0 

Cube  of  brick;  filled  with  water 2.2 

Cube  of  brick;  reheated 4.4 

Natural  brick;  on  end 15.2 

Natural  brick;  on  edge 27.1 

Natural  brick;  flat 79.3 

Brick  filled  with  water;  on  end 4. 1 

Brick  filled  with  water;  on  edge 22.0 

Brick  filled  with  water;  flat 104.8 

Reheated  brick;  on  end 28.9 

Reheated  brick ;  on  edge 49. 3 

Reheated  brick;  flat 121.7 
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TABLE  No.  2. — Compressive  Tests  of  Brick  on  End,  for  Natural, 
FiLLED-wiTH- Water,  and  Reheated  Brick. 


Area 

OF    SECTION, 

Ultimate   load,    in 

Equivalent     ultimate 
load    per    unit    of 
height.  in  pounds  per 

Nu 

MBERS 

IN 

SQUARE 

POUNDS  PER  SQUARE 

SQUARE  INCH. 

^ 

-a 

.c 

^ 

■*-* 

T! 

■B 

-a 

.t^ 

r— 

2 

3 

3^ 

0) 

03 

3  p 

ID 

1 

J3 

"3 
3 

5  cc 

a) 

.a 

3 

43 

CS 

<v 

ce 

i> 

•     OS 

'zi  ^ 

0) 

cS 

r2  P 

0) 

12; 

fe 

C<H 

Z 

f^ 

tf 

^ 

fe 

« 

^ 

plH 

03 

97 

1 

14 

8.53 

8. 60 

8.89 

3  763 

3  092 

3  063 

30  103 

17  391 

24  699 

98 

3 

25 

8.91 

8.77 

8.70 

1  334 

3  193 

2  169 

9  953 

15  945 

17  348 

99 

3 

36 

8.54 

8.91 

8.89 

2  742 

1  603 

2  717 

23  536 

13  120 

21  990 

100 

4 

53 

8.70 

8.65 

8.77 

2  826 

2  281 

2  509 

22  698 

18  .393 

20  229 

101 

5 

73 

8.65 

8.72 

8.84 

3  952 

1  977 

3  446 

23  893 

16  004 

28  000 

103 

6 

91 

8.70 

8.53 

8.77 

3  733 

3  153 

1  908 

22  035 

24  436 

15  383 

103 

7 

94 

8.72 

8.58 

8.96 

1  663 

2  539 

3  918 

13  357 

20  074 

23  711 

104 

8 

100 

8.84 

8.84 

8.51 

3  602 

2  553 

3  343 

21  063 

20  825 

18  962 

105 

9 

104 

8.15 

8.86 

8.67 

2  101 

2  2.S9 

1  7.37 

16  874 

19  028 

13  630 

106 

10 

171 

8.53 

8.72 

8.72 

3  339 

2  523 

2  905 

23  802 

21  527 

22  879 

107 

11 

17fi 

8.73 

8.91 

8.30 

3  606 

1  829 

3  836 

21  498 

15  059 

31  051 

108 

13 

185 

8.23 

8.54 

8.58 

2  976 

1  803 

4  896 

23  808 

14  865 

39  169 

Aver 

ages. . 

8.60 

8.73 

8.72 

2  628 

2  330 

2  871 

20  986 

18  889 

33  088 

TABLE  No.  3. — Compressive  Tests  of  Brick  on  Edge,  for  Natural, 
Filled- with- Water,  and  Reheated  Brick. 


Area  OF  section. 

Ultimate   load,   in 

Equivalent    ultimate 

Ni 

MBERS 

IN    SQUARE 

POUNDS  PER  square 

HEIGHT,    in 

POUNDS 

INCHES 

INCH 

PER  square 

INCH. 

A 

JS 

^ 

Si 

.— 

T) 

^ 

■a 

rs 

S  t- 

® 

k  ■" 

<a 

•"^ 

^s 

Oj 

^  (B 

"^  3/ 

"  <B 

cS 

3 

1* 

•^ 
0 

at 

s 

0 

S 

js 

SI 

a 

rz^ 

c8 

(U 

c8 

Oj 

fc 

li. 

« 

12; 

fe 

«  ■ 

"^ 

fe 

tf 

is 

fa 

« 

109 

13 

194 

19.. 30 

17.45 

18.35 

3  137 

2  880 

3  521 

8  146 

10  530 

13  427 

110 

14 

283 

17.96 

18.93 

18.00 

3  099 

2  226 

4  378 

11  711 

8  348 

13  984 

111 

15 

285 

18.18 

18.34 

18.21 

3  031 

2  284 

3  5.50 

11  610 

8  635 

9  404 

112 

16 

412 

18.32 

18.38 

18.35 

3  199 

3  165 

3  722 

13  096 

11  969 

10  462 

113 

17 

416 

17.96 

18.68 

18.14 

2  878 

2  594 

3  438 

10  614       9  738 

13  215 

114 

18 

426 

18.39 

18.72 

18.28 

3  055 

2  445 

3  353 

7  771   j     9  345 

12  098 

115 

19 

430 

18.61 

18.14 

17.87 

3  050 

2  567 

3  503 

11  638  1  10  507 

9  617 

116 

30 

459 

18.03 

18.72 

18.28 

3  621 

3  391 

3  605 

9  839       8  590 

13  405 

117 

31 

465 

18.03 

18.00 

18.. 39 

2  949 

2  707 

3  931 

11  150 

10  150 

14  864 

118 

32 

467 

17.77 

18.75 

18.39 

1  897 

3  720 

4  043 

7  390 

8  840 

15  540 

119 

23 

468 

17.75 

18.00 

18.46 

3  913 

4  104 

3  986 

14  674 

15  007 

11  479 

120 

24 

479 

18.21 

18.57 

19.19 

3  164 

2  623 

3  087 

14  459 

9  919 

11  867 

Averag* 

5S 

18.31 

18.38 

18.34 

2  832 

2  717 

3  336 

10  748 

10  122 

12  447 
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TABLE  No.  4.  — Compkessive  Tests  of  Bkick  on  Flat,  for  Natueai;, 
Filled- wtth-Wateb,  and  Reheated  Bbick. 


Area  of  section. 

Ultimate     load,     in 

Equivalent    ultimate 

Numbers 

IN 

SQl'ARE 
INCHES. 

POl^NDS   PER 

SQUARE 

HEIGHT,       IN      POUNDS 

PER  SQUARE  INCH. 

^ 

.d 

.Id 

.d 

? 

C8 

in 

U 
3 

CIS 
3 

si 

1 

3 

2 

i 

^ 

:^ 

0) 

a 

— 

^ 

(B 

a 

fe 

« 

iz; 

fe 

« 

^ 

E^ 

« 

;z; 

fa 

« 

121 

25 

128 

31.23 

30.99 

31.37 

4  183 

5  833 

5  256 

8  758 

12  707 

11  663 

123 

26 

160 

31.35 

31.35 

29.77 

4  310 

4  783 

5  783 

9  294 

10  049 

13  651 

123 

27 

Ifil 

31.35 

31.23 

31.11 

5  463 

4  923 

5  831 

13  123 

10  463 

12  572 

124 

28 

181 

31.48 

31.35 

31.11 

2  791 

4  527 

5  307 

6  104 

8  771 

11  775 

125 

29 

189 

.31.. 33 

31 .36 

31.36 

3  539 

3  359 

3  541 

7  851 

6  925 

7  745 

126 

30 

279 

32.87 

31.33 

31.74 

2  665 

5  613 

3  862 

5  650 

11  402 

8  .327 

127 

31 

346 

31.23 

31.48 

31.63 

4  525 

4  583 

4  419 

9  898 

10  024 

9  804 

128 

32 

411 

31.48 

31.10 

32.13 

3  941 

5  303 

3  975 

8  745 

11  269 

9  069 

129 

33 

431 

31.97 

31.95 

30.98 

3  633 

4  005 

4  482 

8  039 

8  510 

10  084 

130 

34 

432 

30.35 

31.73 

31.86 

3  999 

3  623 

5  792 

8  625 

8  039 

12  670 

131 

35 

442 

31.73 

31.. 36 

31.34 

4  273 

5  039 

6  530 

9  078 

11  021 

14  059 

132 

36 

487 

31.11 

31.21 

31.48 

4  625 

3  097 

4  500 

9  973 

6  774 

9  563 

Average 

s 

31.45 

31.36 

31.31 

3  995 

4  562 

4  939 

8  678 

9  663 

10  832 

TABLE  No.  5.  — CoMPBEs.sivE  Tests  of  Natural  Brick. 


Numbers. 

Area  op  Section, 
in  square 

INCHES. 

Ultimate     load,     in 
pounds  per  square 

INCH. 

Equivalent    ultimate 

LOAD     PER      unit      OP 
HEIGHT,      IN      POUNDS 
PER  SQUARE  INCH. 

End. 

Edge.   Flat. 

End. 

Edge. 

Flat. 

End. 

Edge. 

Flat. 

End. 

Edge. 

Flat. 

97 
98 
99 
100 
101 
102 
103 
104 
105 
106 
107 
108 

109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 

121 
123 
123 
124 
125 
128 
137 
138 
129 
130 
131 
132 

8.53 
8.91 
8.54 
8.70 
8.65 
8.70 
8.72 
8.84 
8.15 
8.53 
8.72 
8.22 

19.30 
17.96 
18.18 
18.32 
17.96 
18.39 
18.61 
18.  OS 
18. OS 
17.77 
17.75 
18.21 

31.23 
31.35 
31.35 
31.48 
31.33 
.32.87 
31.23 
31.48 
31.97 
30.35 
31.73 
31.11 

31.45 

3  763 

1  334 

2  742 

3  826 
2  952 
2  7.33 

1  663 

2  603 

2  101 

3  339 
2  606 
2  976 

2  137 

3  099 
3  031 
3  199 

2  878 

3  055 
3  050 
2  621 

2  949 
1  897 

3  913 
3  164 

4  183 

4  310 

5  463 

2  79] 

3  539 

2  665 

4  525 

3  941 
3  623 

3  999 

4  272 
4  625 

30  102 

9  952 

23  536 

22  698 

23  893 
23  035 
13  357 
21  063 
16  874 
£3  802 
21  498 
23  808 

8  146 
11  711 
11  610 

13  096 

10  614 
7  771 

11  628 

9  829 

11  150 
7  290 

14  674 

12  459 

8  758 

9  294 
12  122 

6  104 

7  851 
5  650 
9  898 

8  745 
8  039 

8  625 

9  078 
9  973 

Avera 

ges 

8.60 

18.21 

3  628 

2  832 

3  995 

20  986 

10  748 

8  678 
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TABLE  No.  6. — Compressive  Tests  of  Brick  Filled  with  Water. 


Numbers. 


a 

be 

■a 
W 

13 

1 

2 

14 

3 

15 

4 

16 

5 

17 

6 

18 

7 

19 

8 

20 

9 

21 

10 

23 

11 

23 

12 

24 

25 
26 
27 

as 

29 
30 
31 
32 
33 
34 
35 
36 


Averages.. 


Area  of  section,  in 
square  inches. 


a 

•ZS 

hi 

a 

"^ 

W 

w 

8.60 

17.45 

8.77 

18.93 

8.91 

18.31  j 

H.H5 

18.28 

8.72 

18. G8  1 

8.53 

18.72  i 

8.58 

18.14 

8.84 

18.72 

8.86 

18.00 

W.72 

18.75 

8.91 

18.00 

8.54 

18.57 

8.78 

18.38 

30.99 
31.35 
31.23 
31.35 
31.36 
•SI  .23 
31.48 
31.10 
31  95 
31.73 
31.36 
31.21 


Ultimate  load, in 
pounds  per 
square  inch. 


1 

6 

-o 

&c 

a 

W 

W 

2  092 

2  880 

3  193 

2  226 

1  603 

2  284 

2  281 

3  165 

1  977 

2  594 

3  1.53 

2  415 

2  539 

2  567 

2  553 

a  291 

2  289 

2  707 

2  523 

2  720 

1  8-^9 

4  104 

1  802 

2  023 

2  320 

2  717 

Equivalent    ultimate 

LOAD  PER  unit  OF 
height,  in  POUNDS 
PER    SQUARE  INCH. 


4  783 

4  923 

4  527 

3  359 

5  613 

4  583 

5  305 

4  005 

3  633 

5  039 

3  097 

4  562 

17  391 
25  945 

13  120 

18  393 
16  004 
24  436 
20  074 

20  825 

19  028 

21  537 
15  059 

14  865 


18  889 


TABLE  No.  7. — Compressive  Tests  of  Reheated  Brick. 


Numbers. 

Area  op  section,  in 
square  inches. 

Ultimate  load, 
IN  POUNDS  per 

square    INCH. 

Equivalent  ultimate 
load     per     unit    of 
height,     in    pounds 

PEK.  square  inch. 

■d 
a 

•a 

03 

•d 
a 

■d 
a 

■6 

a 

bjo 
■a 

14 

194 

128 

8.89 

18.35 

.31.37 

3  063 

3  521 

5  256 

24  699 

13  437 

11  662 

25 

283 

160 

8.70 

IS. 00 

29.77 

2  169 

4  278 

5  783 

17  318 

13  984 

12  651 

26 

285 

161 

8.89 

18.21 

.31.11 

3  717 

2  550 

5  831 

21  990 

9  404 

12  572 

53 

412 

181 

8.77 

18.35 

31.11 

2  509 

2  733 

5  307 

20  339 

10  403 

11  775 

73 

416 

189 

8.84 

18.14 

31.36 

3  446 

3  438 

3  541 

28  000 

13  215 

7  745 

91 

426 

279 

8.77 

18.28 

31.74 

1  <.)08 

3  253 

3  863 

15  383 

12  098 

8  327 

94 

430 

346 

8.96 

17.87 

.31.62 

2  918 

2  503 

4  419 

23  711 

9  617 

9  804 

100 

459 

411 

8.51 

18.28 

.3-3.12 

2  343 

3  605 

3  975 

18  962 

13  405 

9  069 

104 

465 

431 

8.67 

18.39 

30.98 

1  737 

3  931 

4  482 

13  630 

14  864 

10  084 

171 

467 

432 

8.72 

18.89 

31.86 

2  905 

4  043 

5  793 

£3  879 

15  540 

12  670 

176 

468 

442 

8.30 

18.46 

3!  .24 

3  836 

2  986 

6  520 

31  051 

11  479 

14  059 

185 

479 

487 

8.58 

19.19 

31.48 

4  896 

3  087 

4  500 

39  169 

11  867 

9  563 

Ave 

rages. . 

8.72 

18.24 

31.31 

2  871 

3  326 

4  939 

33  088 

12  447 

10  832 
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TABLE  No.  8. — Compkessive  Tests  of  Two -Inch  Cubes,  foe  Natural, 
Filled-with-Watee,  and  Reheated  Beick  Cubes. 


x\REA 

OF   SECTION, 

Ultimate       load,      ln 

Equivalent   ultimate 

LOAD       PER      unit      OF 

Numbers. 

IN 

SQUARE 

POUNDS      PER 

SQUARE 

HEIGHT.      IN 

POUND'? 

NX-HES 

PER  SQUARE  INCH. 

43 

Xi 

/S 

„ 

•6 

.■S 

■a 

-3 

^'i 

S 

'f-^ 

s 

"cS 

^fe 

0) 

"cS 

^5 

1 

B 

-■2 
11 

1 

« 

If 

"§ 

c3 

II 

z 

E 

tf 

Z 

s 

« 

Z 

h 

« 

^ 

fa 

« 

*i 

*13 

95a 

4.00 

4.13 

3.88 

1  750 

1  467 

2  328 

3  500 

2  934 

4  5.56 

91 

14 

956 

4.13 

4.00 

4  13 

3  985 

3  500 

2  179 

7  970 

7  000 

4  358 

3 

15 

152a 

4.00 

4.19 

3.94 

3  83(1 

2  549 

2  203 

7  429 

6  691 

4  278 

4 

16 

1526 

4.13 

4.06 

3.94 

2  864 

2  6« 

2  292 

5  728 

5  256 

4  584 

5 

17 

228a 

4.18 

4.19 

4.00 

3  403 

3  819 

2  540 

8  9a3 

7  757 

5  080 

18a 
186 

"2286" 

4!i9 

4.13 
4.06 

4;66 



i  715 

1  640 
1  844 

3  331 

3  688 

6 

2  709 

4  502 

5  518 

7 

19 

347a 

4.00 

3.94 

4.06 

1  331 

1  294 

2  345 

2  744 

2  588 

4  690 

8 

20 

3476 

4.oe 

4.13 

4.06 

1  106 

1  094 

2  841 

2  247 

2  188 

5  082 

q 

21 

421a 

4.38 

4.13 

4.00 

1  575 

1  398 

2  106 

3  150 

2  796 

4  278 

10 

22 

4216 

4.32 

4.13 

3.91 

2  609 

2  838 

2  142 

6  849 

5  753 

4  284 

11 

23 

447a 

4.19 

4  13 

3.88 

1  515 

1  617 

1  885 

3  159 

3  234 

3  716 

12 

24 

4476 

4.00 

4.13 

3.94 

2  035 

3234 

2  338 

4  070 

8  489 

4  530 

A 

averages 

4.13 

4.10 

3.99 

■ 

2  228 

2  273 

2  326 

5  023 

4  873 

4  6.38 

*  Nos.  1  and  13  were  taken  from  the  same  brick,  Nos.  2  and  14  from  another  brick, 
and  the  same  order  was  followed  for  all  the  natural,  and  filled-with-water  cubes,  except- 
ing in  the  cases  of  Nos.  6,  18a  and  186,  in  which  cases  three  cubes  were  cut  out  of  one 
brick. 

A  large  hole  was  found  in  No.  18o,  and  though  its  t-est  is  recorded  in  this  table,  it  is 
not  included  in  the  averages.  No.  186  was  cut  from  the  same  brick,  and  its  test  is 
Included  in  the  averages. 

Taking  the  filled-with-water  cube  and  the  reheated  cube  as  stand- 
ards, the  following  percentages  of  increase  have  been  computed: 
2.1,  17.3,  100.7;  23.4,  43.0,  111.9  for  end,  edge,  and  flat,  of  filled-with- 
water  and  reheated  brick,  respectively.  In  Tables  Nos.  2  to  8  the 
equivalent  ultimate  load  per  unit  of  height  is  given  in  pounds  i^er 
square  inch.  This  was  obtained  by  multiplying  the  ultimate  load,  in 
pounds  per  square  inch,  by  the  height  of  the  test  piece.  The  object 
of  ascertaining  this  was  to  see  if  some  relation  could  be  shown  between 
the  strength  of  a  standard  test  piece  (for  example,  a  cube)  and  any 
other  test  piece,  when  the  ratios  of  the  areas  to  the  heights  are 
given . 

In  regard  to  the  elastic  i^roijerties,  the  averages  of  the  results  are 
shown  by  means  of  elastic  curves,  as  seen  in  Figs.  3  and  4  and  Plate 
II.  There  are  two  methods  of  averaging  these  curves,  the  results 
of  one  being  .shown  in  Figs.  3  and  4,  and  the  other  on  Plate  II,  and 
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each  method  is  divided  into  two  sets,  viz.,  curves  of  compression  and 
curves  of  permanent  set,  for  natural,  filled-with-water,  and  reheated 
brick.  In  the  former  set  the  curves  are  plotted  from  values  obtained 
while  the  successive  total  loads  of  100,  500,  1000,  1500  lbs.,  etc., 
were  being  applied,  and  in  the  latter  case  while  the  successive  100-lb. 
loadings  were  being  applied.  In  these  curves,  the  initial  loading  Avas 
taken  as  100  lbs.,  which  was  11  lbs.  per  square  inch,  more  or  less, 
instead  of  zero.  The  object  in  doing  this  was  to  be  sure  that  the 
head-block  Avas  not  removed  from  the  test  piece  after  it  was  once 
placed,  thus  securing  the  same  bearing,  which  would  not  have  always 
been  the  case  had  zero  been  used  for  the  initial  loading. 

All  the  elastic  curves,  marked  Jf  to  T,  Gt  to  i  and  A  to  F,  inclusive, 
are  averages  of  natural,  filled-with-water,  and  reheated  brick,  respect- 
ively. The  method  of  averaging,  in  the  first  set,  Figs.  3  and  4,  taking 
the  natural  brick  as  an  example,  is  as  follows : 

The  total  loadings  reached  by  the  several  bricks,  before  the  rocker 
bearing  and  rocker  lever  were  removed,  were  as  follows: 

Brick  No.    97  ^ 

"         "    101 

I   IS  000  lbs. 

"    104  I 

"  106  J 

"    lOS 17  500 

"    107 17  000 

"    102 16  000 

"         "      99  ) 

\ 15  000 

"    100  \ 

"         '<    103 14  500 

"    105 , 11  000 

"      98 10  000 

Bricks  Nos.  97,  101,  104  and  106  were  averaged  together  up  to 
18  000  lbs.  loading,  making  an  average  of  four  bricks,  as  shown  in 
Curve  T.  Brick  No.  108,  together  with  Bricks  Nos.  97,  101,  104  and 
106,  were  averaged  up  to  17  500  lbs.,  making  an  average  of  five  bricks 
for  17  500  lbs.,  as  shown  in  Curve  8.  Brick  No.  107,  together  with 
Bricks  Nos.  97,  101,  104,  106  and  108,  were  averaged  up  to  17  000  lbs., 
making  an  average  of  six  bricks,  as  shown  in  Curve  B,.  Brick  No.  102, 
together  with  Bricks  Nos.  97,  101,  104, 106,  107  and  108,  were  averaged 
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together  up  to  16  000  lbs.,  making  an  average  of  seven  bricks,  as 
shown  in  Curve  Q.  This  method  of  averaging  was  followed  for  the 
natural,  reheated,  and  fiUed-with-water  brick,  each  having  its  own 
independent  averages. 

In  Figs.  3  and  4  the  bricks  included  in  the  averages  for  the  several 
curves  are  as  follows: 

Curve.  Numbers  of  Bricks. 

A Nos.  14,  53,  73,  94,  171,  176  and  185. 

B All  bricks  in  A,  and  No.  '1&. 

C All  bricks  in  A,  and  Nos.  26  and  100. 

D All  bricks  in  C,  and  No.  104. 

E All  bricks  in  C,  and  Nos.  91  and  104. 

F All  bricks  in  E,  and  No.  25. 

G Nos.  2,  7,  8  and  10. 

H Nos.  2,  4,  7,  8  and  10. 

/ Nos.  2,  4,  6,  7,  8,  9  and  10. 

J Nos.  2,  4,  6  and  7  to  11. 

K Nos.  2,  4  and  5  to  11. 

L Nos.  1  to  12. 

M Nos.  97,  101,  104  and  106. 

J\r Nos.  97,  101,  104,  106  and  108. 

0 Nos.  97,  101,  104  and  106  to  108. 

F Nos.  97,  101,  102,  104,  and  106  to  108. 

Q Nos.  97,  99  to  102,  104  and  106  to  108. 

R Nos.  97,  99  to  104  and  106  to  108. 

S Nos.  97  and  99  to  108. 

2 Nos.  97  to  108. 

In  the  second  method,  Plate  II,  only  those  brick  which  were 
loaded  up  to  the  same  point  before  removing  the  mirror  micrometers 
are  averaged  in  one  curve.  Those  bricks  (Nos.  97, 101,  104  and  106), 
carrying  a  loading  of  18  000  lbs.  before  the  removal  of  the  mirror 
micrometers,  are  represented  by  Curve  T;  Curve  ^S"  is  the  average  of 
all  bricks  with  a  loading  of  17  500  lbs.,  which  is  a  single  brick,  No. 
108;  Curve  R  is  made  up  of  the  average  of  all  bricks  with  a  load  of 
17  000  lbs.,  and  consists  of  only  one  brick.  No.  107;  Curve  Q  is  made 
up  of  all  bricks  with  a  load  of  16  000  lbs.,  and  is  a  single  brick,  No. 
102;  Curve  F  is  made  up  of  all  bricks  with  a  load  of  15  000  lbs.,  ^nd 
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consists  of  the  average  of  two  bricks,  Nos.  99  and  100.     This  method 

of  averaging  was  followed  for  the  natural,  reheated   and  fiUed-with- 

water  brick,  each  having  its  own  independent  averages. 

On  Plate  II  the  bricks  included  in  the  averages  for  the  several 

curves  are  as  follows : 

Curve.                                              Number  of  Bricks. 
A No.  25. 

B No.  91. 

C No.  104. 

D No.  100. 

E No.  26. 

F Nos.  73,  14,  176,  94,  185,  171  and  53. 

G Nos.  1,  3  and  12. 

H No.  5. 

/ No.  11. 

./ Nos.  6  and  9. 

K No.  4. 

L Nos.  2,  7,  8  and  10. 

31 No.  98. 

N No.  105. 

0 No.  103. 

P Nos.  99  and  100. 

Q No.  102. 

R No.  107. 

S No.  108. 

T Nos.  97,  101,  104  and  106. 

The  apparatus  used  in  this  test  was  very  sensitive,  so  sensitive  that 
even  the  vibration  of  the  scale  beam  gave  a  slightly  different  reading. 
After  taking  the  different  readings,  the  differences  of  readings  were 
comi)uted.  The  vahies  of  the  ordinates  for  the  curves  of  compression 
were  taken  as  the  differences  between  the  initial  readings  and  the 
successive  readings  at  the  loadings  of  500,  1  000,  1  500  lbs.,  etc.,  while 
the  differences  of  readings  for  the  curves  for  permanent  set  mean  the 
differences  between  the  initial  readings  and  the  successive  100-lb, 
readings,  taken  after  the  successive  loads  of  500,  1000,  15  000  lbs., 
etc.,  had  been  applied. 

By  measuring  an  ordinate  on  a  curve  of  permanent  set  and  reading 
the  value  on  the  load  line,  one  is  able  to  tell  at  a  glance  between  what 
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two  loadings,  on  the  curve  of  compression,  the  100-lb.  reading  was 
taken.  For  example,  suppose  there  is  a  certain  amount  of  distortion, 
measured  by  the  length  of  an  ordinate  for  a  100-lb.  loading,  located  on 
the  load  line  at  427  lbs.  per  square  inch.  This  means  that  after  a  load 
of  427  lbs.  per  square  inch  had  been  applied  for  the  curve  of  compres- 
sion, a  certain  amount  of  permanent  set,  measured  on  that  ordinate, 
took  place  under  the  following  100-lb.  loading. 

As  a  brick  is  made  up  of  a  granular  substance,  more  or  less  irregu- 
larity in  the  elastic  curves  might  be  expected,  and  that  they  would 
be  likely  to  be  more  irregular  in  natural  brick,  where  the  granular 
particles  are  dry  and  are  thus  unable  to  change  their  relative  positions 
readily  on  account  of  friction,  than  in  the  case  of  brick  filled  with 
water,  where  the  granular  jsarts  are  wet  and  slippery,  thus  reducing 
friction  to  a  minimum  and  allowing  the  particles  to  adjust  themselves 
more  freely  under  the  respective  loadings;  or  reheated  brick,  where 
the  jjarticles  have  become  more  solidified,  and  are  now  more  of  a  solid 
mass  and  less  granular,  causing  the  brick  to  increase  in  stiffness  and 
its  i^articles  to  change  their  relative  positions  more  uniformly.  By 
examining  the  elastic  curves,  both  for  comjjression  and  laermanent 
set,  it  will  be  seen  that  this  statement  is  well  substantiated;  the  curves 
for  the  natural  brick  being  the  most  irregular,  those  for  brick  filled 
with  water  the  most  regular  but  the  weakest  in  stiffness,  M'hile  those 
for  reheated  brick  show  the  greatest  stiffness. 

In  testing  any  granular  material,  the  theory  is  that  these  particles 
slide  on  one  another,  and  change  their  relative  positions  under  differ- 
ent loadings.  Under  a  certain  loading  the  particles  occupy  certain 
positions,  but  by  ajiplying  a  heavier  loading  they  change  their  relative 
positions,  causing,  for  example,  the  brick  to  shorten.  Now,  by 
releasing  this  loading,  the  particles  adjust  themselves  to  different 
positions.  Upon  applying  a  still  heavier  load  it  is  found,  that  the 
brick  is  not  distorted  as  much  as  under  a  less  loading,  showing  that 
the  particles,  previous  to  ;this  loading,  had  taken  a  firmer  position, 
and  that  the  irregularities  of  the  curve  are  due  to  the  greater  or  less 
compactness  assumed  by  the  particles  from  time  to  time. 

Modulus  of  Elasticity. 
The  modulus  of  elasticity  for  compression  was  found  for  the  initial 
loading  and  for  every  500  lbs.  of  loading  up  to  10  000  lbs,  for  each 
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brick,  thus  giving  twenty  moduli  for  each  brick.  The  average  of  these 
twenty  moduli,  which  run  very  uniformly  in  nearly  every  brick,  gave 
the  average  for  the  brick,  as  recorded  in  Table  No.  9.  The  average 
for  the  twelve  brick  of  each  set  is  also  recorded.  The  lowest  modulus 
obtained  in  any  brick  was  500  000  lbs.  per  square  inch,  and  the  highest 
2  500  000  lbs.  per  square  inch.  It  will  be  seen  from  Table  No.  9  that 
reheated  brick  have  the  highest  moduli,  while  brick  filled  with  water 
have  the  lowest. 

TABLE  No.  9. — MoDuiii  fob  Compression,  for  Natural,  Filled- with- 
Water,  and  Reheated  Brick. 


Numbers. 

Moduli  of  elasticity,  in  pounds  per 
square  inch. 

Natural. 

ruled  with 
water. 

Reheated. 

Natural. 

Filled  with 
water. 

Reheated. 

97 

98 

99 

100 

101 

102 

las 

104 
105 
106 
107 
108 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

14 
25 
36 
53 
73 
91 
94 
100 
104 
171 
176 
185 

1804  000 

540  000 

1  598  000 

1284  000 

1  542  000 

1  610  000 

796  000 

1  173  000 

924  000 

1446  000 

1  102  000 

1815  000 

1  Oil  000 

1  350  000 

749  000 

1  205  000 

950  000 

827  000 

1355  000 

1  122  000 

904  000 

1  136  000 

806  000 

894  000 

1240  000 
1  056  000 
1  336  000 
1631000 
1  250  000 
1  323  000 
1334  000 
1034  000 
840  000 

1  278  000 

2  200  IXX) 
1823  000 

Average 

s 

1305  000 

1  026  000 

1  362  000 

In  comjiuting  the  moduli,  use  was  made  of  Hook's  Law;  that  is, 
the  distortion  is  proportional  to  the  stress,  within  the  elastic  limit. 
Hence  the  moduli  were  obtained  by  dividing  the  stress  by  the  corre- 
sponding distortion  per  unit  of  length. 

The  writer  would  have  liked  to  determine  also  the  moduli  for  shear, 
torsion,  bending  and  tension,  in  addition  to  that  for  compression,  if 
the  distortions  had  been  of  sufficient  magnitude  to  be  measured. 

Tension  Tests  of  Brick. 

In  making  the  tension  tests,  the  Riehle,  400  000-lb.  testing  machine 
was  used,  the  apparatus  consisting  essentially  of  two  clamps,  one 
for  each  end  of  the   brick,  on  a  pivot  bearing,  as  shown  in  Fig.  5. 

The  rod,  b,  was  attached  to  the  head-block  of  the  testing  machine 
and  was  allowed  considerable  lateral  motion,  so  as  to  adjust  itself  to 
a  direct  pull  on  the  brick  during  testing.     The  square  bar,  a,  was 
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bolted  to  the  spread  portion  of  the  rod,  b,  and  contained  at  its  middle 
a  pivot,  o,  upon  which  the  plate,  P,  and  the  lower  part  of  the  clamp 
had  its  bearing.  The  plate,  P,  rests  ujjon  o  with  considerable  range  of 
movement,  for  the  sake  of  direct  pull  during  testing,  as  shown  by  the 
cone-shaped  impression  in  Fig.  5.     The  bent  rods,  g,  were  not  attached 
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CLAMPS  USED  IN  TENSION  TESTS. 

Fig.  5. 

TABLE  No.   10. — Tension  Tests   of   Natukal,  Filled-with-Wateb, 
AND  Reheated  Bkick. 


Area  op  section,  in  square 

Ultimate  load,  in  pounds 

INCHES. 

PER  SQUARE  INCH. 
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25 

96 

8.89 
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8.. 51 

269 

201 

411 

2 

26 

133 

8.53 

8.84 

8.58 

292 

189 

266 

3 

27 

142 

8.77 

8.84 

8.51 

205 

219 

182 

4 

28 

155 

8.72 

8.67 

8  58 

123 

218 

163 

5 

29 

191 

9.11 

8.96 

8.84 

149 

112 

169 

6 

80 

215 

9.08 

8.82 

8.89 

127 

204 

149 

7 

31 

231 

8.82 

8.84 

8.44 

263 

242 

403 

8 

32 

422 

8.67 

8.77 

8.55 

111 

186 

216 

9 

33 

428 

8.65 

8.96 

8.60 

282 

234 

159 

10 

34 

459 

8.89 

8.65 

8.70 

328 

278 

161 

11 

35 

460 

8.65 

8.39 

8.63 

156 

238 

157 

12 

36 

491 

9.23 

8.65 

8.70 

107 

188 

268 

Average 

s 

8.83 

8.75 

8.63 

201 

209 

225 
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rigidly  to  the  plate,  P,  nor  tlie  jaws,  w,  but  had  sufficient  play  to  allow 
the  two  jaws,  w,  to  be  separated  so  as  to  accommodate  brick  of  vary- 
ing thicknesses.  With  the  brick  in  place  it  was  fastened  securely  by 
means  of  the  two  bolts,  e. 

The  results  of  the  tension  tests  are  recorded  in  Table  No.  10.  A 
photograph  of  the  fractures  is  shown  in  Fig.  1,  Plate  VI.  The 
results  show  that  reheated  brick  wilj  stand  a  higher  tensile  strain  than 
those  in  either  of  the  other  conditions,  and  that  brick  filled  with  water 
is  stronger  than  natural  brick. 

Engineers,  in  general,  believe  that  the  cause  of  failure  of  brickwork 
is  due  largely  to  tension,  and,  as  the  tensile  strength  of  brick  is  so  low 
and  the  chances  for  stress  under  tension  so  pronounced,  it  looks  as 
though  this  was  one  of  its  weak  points. 

Bending  or  Transverse  Tests  of  Brick. 

In  this  test  the  brick  were  tested  flat,  and  had  no  plaster  of  Paris  or 
ground  surfaces  for  bearings,  but  rested  directly  upon  knife-edges  in 
an  Olsen  testing  machine.  The  distance  between  the  lower  knife- 
edges  was  7  ins.  and  the  top  knife-edge,  to  which  the  load  was  applied, 
was  3^  ins.  from  either  beaiing. 

The  results  tabulated   in  this  test  are  the  modulus  of  rupture  or 

stress  in  the  outer  fiber,  p,  and  the  deflection  at  the  center,  D.     In  the 

3     P  I 
former  case,  the  formula  used  was  p  ^=-~   „  , . ,*,  which  is  not  strictly 

justified,  but  customary,  in  these  cross- breaking  tests  of  material  hav- 
ing an  elastic  limit  not  easily  determined.  In  the  latter  case,  during 
the  test,  the  deflection  should  have  been  measured,  and  the  modulus, 

1  P  l^ 

E,  for  bending,  computed  from  the  formula  D  =   7^  —     „  ^  f,    which 

formula  is  true  only  within  the  elastic  limit.  The  deflection  was  so 
small  that  the  writer  was  unable  to  measure  it,  but,  wishing  to  give 
some  idea  of  the  deflection  in  brick,  he  has  computed  the  deflection 
from  the  foregoing  formula,  by  using  the  breaking  load  and  the 
modulus  for  comjaression.  The  true  value  of  D  would  undoubtedly 
be  smaller  than  the  value  obtained,  as  P,  within  the  elastic  limit, 
is  somewhat  smaller,  and  the  modulus  for  bending  considerably 
larger,  than  for  compression. 

*  Johnson's  "  Materials  of  Construction." 
t  Church's  "  Mechanics  of  Engineering." 
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In  the  foregoing  formulas : 
P  =  load  at  center; 

I  =  length  of  brick; 

b  =  width  of  brick; 

h  =  height  of  brick ; 

/  =  moment  of  inertia  of  the  section. 
The  theory  has  been  advanced  that  the  fibers  above  the  neutral 
axis  of  a  simple  beam  under  any  loading  are  in  compression,  while 
those  below  are  in  tension.  A  comjiarison  of  the  results  shown  in 
Table  No.  10  with  those  in  Tables  Nos.  2  to  8,  for  tension  and  com- 
pression, respectively,  will  show  that  bricks  are  weaker  in  the  former 
tests  than  in  the  latter.  From  this,  it  would  be  inferred,  naturally, 
that,  as  the  vertical  shear  at  the  center  is  zero,  the  brick  broke  in 
tension.  Upon  looking  at  Table  No.  11  it  will  be  seen  that  the  stress  in 
the  outer  fiber  is  a  little  more  than  half  the  total  load,  and  is  larger  than 
that  caused  by  tension.  The  following  question  now  arises.  "The 
excess  of  stress  in  the  outer  fiber,  over  that  of  tension,  is  taken  up  in 
what  forms  of  distortion?"  This  excess  of  stress,  in  all  iJrobability, 
is  taken  up  mostly  in  compression,  while  a  small  portion  of  it, 
undoubtedly,  is  absorbed  by  horizontal  shear. 


TABLE  No.  11. — Tbansverse  or  Bending  Tests  of  Natural,  Filled- 
wiTH- Water,  and  Reheated  Brick. 


Total  load  at 

CENTER. 

Stress  in  outer  fiber 

UNDER  breaking  LOAD. 

Deflection     at     the 

Numbers. 

IN  POUNDS. 

IN  POUNDS  PER 
INCH. 

SQUARE 

ING  LOAD,  IN  INCHES. 

^ 

J 

.c 

.a 

1 

E 

73 

1 

s 

4) 

.a 

"cS 
1 

■3 

3 

■^  (D 

II 
E 

1 

.a 

37 

61 

11 

1  720 

1  280 

1  060 

921 

696 

509 

0.0026 

0.0025 

0.0013 

38 

62 

89 

1  060 

1  440 

1  800 

537 

786 

971 

0.0015 

0.0026 

0.0026 

39 

63 

302 

1  380 

1  050 

1  270 

739 

542 

644 

0.0021 

0.0019 

0.0017 

4n 

64 

260 

920 

1  370 

2  000 

459 

733 

1  097 

0.0012 

0.0026 

0.0029 

41 

65 

271 

1  410 

1  880 

1  530 

782 

937 

782 

0.0023 

0.0032 

0.0021 

48 

66 

370 

1  470 

1  500 

1  510 

772 

809 

821 

0.0021 

0.0029 

0.0022 

43 

67 

401 

1  180 

1  690 

1  190 

637 

945 

642 

0.0018 

0  0033 

0.0017 

44 

68 

438 

2  000 

1  720 

1  380 

1  125 

1  019 

730 

0.0031 

0.0038 

0.0019 

4.5 

69 

465 

1  990 

1  680 

1  770 

1  131 

906 

669 

0.0032 

0.0032 

6.0015 

46 

70 

472 

1  990 

1  530 

1  980 

1   101 

775 

1  077 

0.0031 

0.0027 

0-0029 

47 

71 

480 

1  820 

1  720 

2  000 

1  026 

797 

1  056 

0.0029 

0.0026 

0.0027 

48 

72 

488 

1  990 

1  030 

1  960 

1  126 

495 

991 

0.0031 

0.0017 

0.0025 

Averages 

1  580 

1  490 

1  620 

863 

783 

832 

0.0024 

0.0027 

0.0022 
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Shearing  Tests  of  Beick. 

In  these  tests  it  will  be  noticed,  upon  referring  to  Table  No.  12,  that 
each  brick  was  divided  into  halves,  and  that  a  record  of  the  test  of 
each  half  is  shown.  It  will  be  seen  that  there  is  quite  a  difference  in 
the  strength  of  the  two  halves,  showing  that  a  single  brick  in  itself  is 
not  perfectly  homogeneous. 

TABLE  No     12. — Sheading  Tests  of  Natural,  FujIjEd-with-Watee, 
AND  Reheated  Beick. 


Ultimate  load,  in 

POUNDS  PER 

SQUARE  INCH. 

Numbers. 

Area 

OF  SECTION, 

IN  SQL 

ARE   INCHES. 

First  half-brick. 

Second  half -brick. 

Averages. 

A 

ja 

.d 

J3 

X 

"3 

t*  fc< 

Qi 

^  t^ 

-H 

Oj 

tS  u, 

cS 

S  Ih' 

a 

^  fc.' 

i3 

■rti 

o 

|3 

-o-S 

3 

S 

tJ-S 

3 

"^15 

S  53 

A 

XI 

.£3 

(D  ™ 

.a 

■>± 

(D  « 

=  ^ 
^ 

<v 

1? 

25 

9 

^ 

P3 

;? 

tf 

1? 

« 

^ 

E 

« 

1 

8.58 

8.96 

8.89 

583 

1.38 

349 

636 

179 

562 

610 

158 

455 

2 

26 

58 

8.89 

8.28 

8.65 

371 

535 

497 

367 

705 

514 

369 

620 

505 

3 

27 

129 

8.82 

8.58 

8.58 

380 

186 

262 

330 

385 

271 

355 

286 

266 

4 

28 

212 

8.77 

8.00 

8.65 

381 

800 

509 

285 

625 

512 

333 

712 

510 

.5 

29 

236 

8.77 

8.79 

8.51 

274 

210 

.544 

310 

.319 

670 

292 

265 

607 

6 

30 

261 

8.65 

8.39 

8.84 

453 

685 

543 

763 

353 

430 

608 

519 

486 

7 

31 

265 

8.84 

8.77 

8.63 

279 

319 

513 

.353 

506 

618 

316 

412 

565 

8 

32 

4.50 

8.34 

8.65 

8.44 

538 

309 

461 

507 

116 

409 

518 

213 

435 

9 

33 

469 

8.44 

8.84 

8.65 

585 

236 

370 

476 

411 

403 

530 

324 

386 

10 

34 

475 

7.93 

8.46 

8.79 

908 

355 

165 

542 

693 

198 

725 

524 

182 

11 

35 

477 

8.13 

8.27 

8.63 

492 

293 

5,54 

223 

235 

292 

358 

264 

423 

12 

36 

495 

8.46 

8.77 

8.89 

212 

253 

484 

449 

380 

579 

330 

316 

526 

Averages 

8.55 

8.56 

8.68 

454 

360 

438 

437 

409 

454 

445 

384 

446 

r 


It  is  regretted  that  the  moduli  for  shearing  could  not  be  obtained 
for  the  reason  that  the  deflections  were  so  small  that  they  could  not  be 
measured. 

The  fractures  produced  by  these  tests  are  shown  in  Fig.  2,   Plate 
VI.     The  machine  used  was  the  Riehle,  400  000-lb. 
testing  machine,  to  which  was  attached  the  ajiparatus 
shown  in  Fig.  6. 

The  upi^er  shear  is  denoted  by  A,  which  was  at- 
tached to  the  upper  head-block,  while  the  lower 
shear  is  marked  C,  and  was  attached  to  the  bed-plate. 
The  face  of  each  shear  is  on  the  same  vertical  plane, 
which  is  the  center  of  the  machine, 
shown  in  place  at  B. 


Fig.  6. 
The  half-brick  to  be  tested  is 
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ToKsioNAL  Tests  of  Beick. 

As  far  as  tlie  writer  knows,  brick  liave  never  before  been  tested  in 
this  manner.  Although,  in  actual  brick  construction,  the  stresses 
produced  under  this  form  of  strain  are  very  small,  and  practically  neg- 
ligible, it  was  thought  that  it  would  be  of  interest  to  make  such  a  test; 
thus  completing  a  set  of  tests  of  all  the  forms  of  strain  to  which  a 
brick  can  be  subjected  under  ordinary  engineering  operations. 

In  conducting  this  test,  the  Thurston  Autographic  Testing  Machine, 
sometimes  spoken  of  as  Thurston's  Torsion  Testing  Machine,  was 
used.* 

The  machine  consists,  essentially,  of  a  pendulum,  a  drum,  a  curved 
guide  by  which  a  j)encil  arm  is  moved  and  traces  upon  the  drum  a  per- 
manent record,  as  shown  in  Figs.  9,  10  and  11.  The  test  piece  is  held 
in  place  between  the  pendulum  and  the  drum  by  two  jaws. 
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In  caiTying  out  the  torsional  tests  the  writer  first  standardized  or 

found  the  constant  of  the  machine,  as  follows:    A  piece  of  paper  was 

first  placed  in  the  drum  while  it  was  undamped  on  the  shaft,  with  the 

upper  end  of  the  pencil  rod  in  the  hollow  of  the  curved  guide  and  the 

pencil  on  the  drum,  while  it  was  turned  through   180°,  more  or  less, 

thus  ruling  the  base  line  A  B,  as  shown  in  Fig.  7,  from  which   the 

ordinates  are  measured.     As  the  pendulum  was  raised  to  a  horizontal 

position,  the  pencil  traced,  on  the  paper  in  the  drum,  which  was  now 

clamped,  the  curve  of  the  constant,  as  shown  in  Fig.  7.     The  pendulum 

*  A  description  and  illustrations  of  the  working  pans  of  this  machine  may  be  found 
in  Thurston's  "  Materials  of  Engineering,"  pp.  378  et  seq.  Reference  may  also  be  made 
to  Carpenter's  "  Experimental  Engineering,"'  p.  96. 
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in  the  horizontal  position  was  found  to  weigh  121  lbs.  at  the  center  of 
gravity  of  the  weight,  which  was  4. 16  ft.  from  the  center  of  the  head. 
The  circumference  of  the  drum  was  found  to  be 36  ins., which  indicated 
that  each  inch  on  the  base  line  was  equivalent  to  an  angular  distance 
of  10°  for  both  pencil  and  pendulum. 

Sufficient  data  having  been  obtained,  the  constant  of  the  machine 
was  derived,  as  follows: 

Pa  =  121  lbs.  X  4.16  ft. 

=  503.36  foot-pounds,  the  moment  for  the  90°  position  of  the 
pendulum. 
The  length  of  the  ordinate  for  the  90°  position  is  4.4  ins.,  and,  as  the 
constant  of  the  machine  is  503.36  foot-pounds,  4.4  ins.  =  114.4  foot- 
pounds per  inch  of  ordinate.  The  presence  of  some  journal  friction 
would  necessitate  this  being  accounted  for  in  determining  the  final 
results.  The  pull  at  the  center  of 
the  weight  and  4.16  ft.  from  the  cen- 
ter of  the  drum,  to  overcome  the 
journal  friction  and  hence  pull  the 
pendulum  from  its  vertical  position, 
was  equivalent  to  If  lbs.  The  con- 
stant for  friction,  or  the  frictional 
moment,  is  If  lbs.  x  4.16  ft.  =  7.80 
foot-pounds. 

The  test  piece  being  rectangular 
in  section,  the  theoretical  results 
obtained  by  Grashof  were  taken.     See  Fig.  8. 

Let  L  =  length  of  brick  actually  subjected  to  torsion; 

P,  =  maximum  shearing  stress  in  the  outer  fiber  (which  will 

9  Pa 

occur  at  the  middle  of  the  long  side,  at  m)  =  -^r-  X  -^r—  c  ; 

2i  Of} 


Fig.  8. 


angle  of  torsion,  which  (in  it  measure),  for  a  length,  L, 
_  ^ 


.  ^  Pa  L       ,2   ,     c"     o 


Of  course,  these  formulas  only  apply  if  the  elastic  limit  is  not 
passed.  To  use  them  beyond  this  limit  gives  only  approximate  re- 
sults, but,  nevertheless,  this  is  the  best  that  can  be  done,  under  the 
circumstances . 
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PHYSICAL   PROPERTIES   OF    BRICK. 
— ToKSIONAIi    Tests   of   NaTUKAL,  FrLLED-WITH-WATER, 

AND  Reheated  Brick. 
Shearing  Stress  in  tlie  Outer  Fiber. 


Numbers. 


Natural  brick. 


Brick  pilled  with 
WATER.  '    ' 


Reheated  brick. 


j= 

Hid 

tier 
oad, 
per 
h. 

®^s  . 

^.- 

»Z^^ 

1 

3 

73  03 

73 

1 

1 

SS       u 

eakin 
poun 
uare 

5 

ss     u 
eakin 
poun 
uare  i 

1 

m  ^  "3 

.d 

fl 

a 

?  s  a  a* 

?  5;  a  c 

cS 

fa 

o 
O 

o 
O 

o 
O 

^.o.a  to 

02 

37 

61 

13 

0.229 

1 
414      1 

0.219 

359 

0.223 

559 

38 

62 

143 

0.225 

526 

0.229 

503 

0.233 

470 

39 

63 

203 

0.219 

532      I 

0.229 

462 

0.223 

324 

40 

64 

206 

0.225 

402      , 

0.221 

258 

0.242 

6.59 

41 

65 

211 

0.251 

750    ; 

0.221 

261 

0.163 

325 

42 

66 

219 

0.247 

817      1 

0.225 

368 

0.217 

422 

43 

67 

388 

0.253 

626 

0.231 

370 

0.169 

410 

44 

68 

402 

0.249 

724 

0.275 

916 

0.229 

603 

45 

69 

455 

0.233 

552 

0.273 

759 

0.213 

863 

46 

70 

456 

0.251 

658 

0.231 

598 

0.213 

420 

47 

71 

489 

0.244 

517 

0.264 

734 

0.213 

410 

48 

72 

493 

0.238 

790 

1 

0.239 

632 

0.219 

381 

Averages 

0.239 

609 

0.238 

518 

0.213 

487 

TABLE  No.  14. — Torsional  Tests  of  NATURAii,  Filled- with- Water, 

AND  Reheated  Brick. 

Modulus  of  Elasticity  for  Shearing. 


Number. 

Natural  brick. 

Brick  filled  wtth 
water. 

Reheated  brick. 

t 

3 
*^ 
o3 

2; 

&   . 

73 
0) 

a 

1 

a  ^4 

3  g  08 

c 

1 

s*« 

ogo* 

a 

a 
o 
O 

.SSS-S 

5  g  o" 

37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 

61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 

13 
143 
203 
206 
211 
219 
381 
402 
455 
456 
486 
493 

6.429 
6.251 
5.998 
6.227 
7.175 
6.999 
7.210 
7.015 
6.647 
7.202 
7.0.33 
6.698 

49  900 
39  800 
36  400 
14  20U 
13  800 
29  200 
21  800 
26  000 
21  700 
19  400 
25  900 
19  300 

6.021 
6.271 
6.415 
6.125 
6.097 
6.227 
6.394 
7.961 
7.889 
6.493 
7.620 
6.725 

32  900 
137  900 
103  400 
45  200 
32  000 
27  200 
76  900 

45  500 
59  900 

106  100 

46  300 
42  700 

6.127 
6.524 
6.127 
6.497 
4.229 
5.924 
4.391 
6.360 
5.780 
5.847 
5.803 
6.044 

115  200 
32  200 
28  100 
55  900 
36  100 
55  400 
53  300 
45  700 
104  100 
115  200 

89  300 

90  200 

Averages. 

6.741 

26  500 

,  6.687 

63  000 

5.810 

68  400 

i 
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Tables  Nos.  13  and  14  show  that  there  has  been  found  by  torsional 
tests,  shearing  stresses  in  the  outer  fiber,  and  the  modulus  of  elasticity 
for  shearing,  in  pounds  per  square  inch,  under  the  breaking  load, 
the  values  in  these  tables  being  for  the  ordinates  shown  in  dotted  lines 
in  Figs.  9,  10  and  11. 

In  arranging  these  two  tables,  both   constants  and  stresses  were 

given  for  each  set  of  brick,  thus  enabling  the  reader  to  find  the  stresses 

for  other  ordinates  of  the  curves  of  torsion,  by  means  of  the  constant 

and  measurement  of  ordinates  and  abscissas.      The  constant  in  the 

9  1 

table  of  shearing  stresses  is  equal  to -^    X  -r^^  which  is  a  portion  of 

9        Pa 
the  formula,  p6  =  -—-  X  7-5-  ;  while  the  constant  in  the  table  of  moduli  is 
■^  2        b' c 

9          L  b^  (? 

equal  to  -^  X  X  -7-^ — ^   (^i  being  the  value  of  10°,  expressed  in 

%  measure),  which  is  a  portion  of  the  formula, 

9          P  ciL  h-  c- 

X  7^—-  X 


2  E6  b^  c»  ' 

times  the  length,  in  inches,  of  the  abscissa  in  question.  The 
shearing  stress  for  any  ordinate,  therefore,  is  the  constant  of  the 
machine,  expressed  in  inch-pounds,  multiplied  by  the  length  of  the 
ordinate,  in  inches,  plus  the  frictional  constant,  in  inch-pounds,  which 
sum  is  P  a,  in  the  formula,  and  is  multiplied  by  the  constant  in  Table 
No.  13.  The  modulus  for  any  ordinate  is  P  a,  divided  by  the  corre- 
sponding abscissa,  multiplied  by  the  constant  in  Table  No.  14. 

The  photograph.  Fig.  2,  Plate  Y,  shows  the  specimens  which 
were  submitted  to  torsional  tests — natural  brick  in  the  upjaer  row, 
reheated  brick  in  the  middle  row,  and  brick  filled  with  water  in  the 
bottom  row.  In  all  these  three  tests  it  will  be  seen  that  the  corners 
gave  way  first,  followed  in  most  cases  by  a  series  of  thin  parallel 
curved  planes.  In  no  case  did  the  failure  take  place  in  the  central 
portion  of  the  brick,  nor,  with  such  a  brittle  material,  is  it  ever  likely 
to  take  place  there,  unless  the  area  of  this  portion  is  reduced  consider- 
ably from  what  it  is  at  the  points  where  the  test  piece  is  held. 

The  distance  the  grips  extend  into  the  brick  would  have  some  bear- 
ing upon  the  number  of  parallel  planes  broken  off  and  the  distance  of 
these  planes  from  the  corner.  The  farther  the  grip  extends  into  the 
test  piece,  the  more  remote  from  the  corner  will  the  planes  break  off, 
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and  the  greater  will  be  their  number,  while  the  distance  between  the 
parallel  planes  remains  the  same.  The  tendency  in  the  brick  is  to 
break  off  at  both  of  its  corners  at  one  end  and  turn  around,  with  the 
center  of  each  end  as  an  axis,  as  in  Brick  No.  46,  in  Fig.  9.  Sometimes 
the  corners  on  ends  diagonally  opposite  each  other,  or  on  the  same 
edge,  will  fail  first,  leaving  the  brick  between  the  grips,  in  a  skew  or 
square,  respectively,  as  shown  in  Bricks  Nos.  219  and  66,  Figs.  10  and 
11.  In  the  foregoing  tests  the  grip  or  jaw  extended  into  the  brick, 
which  was  held  in  place  by  wedges. 

By  examining  the  curves  of  torsion  in  Figs.  9,  10  and  11,  it  will  be 
seen  that  there  is  more  or  less  irregularity  in  the  curves;  indicating 
that  the  brick  failed  all  at  once  or  by  degrees.  -  The  most  regular 
curves  are  where  they  failed  at  once;  the  irregular  curves  are  where 
they  failed  by  degrees.  The  more  the  irregularity  of  the  curve,  the 
greater  number  of  stages  during  failure,  and,  hence,  the  greater  num- 
ber of  thin  parallel  jilanes. 

By  studying  Tables  Nos.  13  and  14,  and  the  curves  of  torsion,  it 
will  be  seen  that  the  natural  brick  stood  the  highest  in  shear,  and  the 
reheated  brick  in  moduli.  The  highest  special  brick  in  shear  is  No.  68, 
tested  filled  with  water;  while  the  highestin  moduli  is  No.  62,  which  was 
also  tested  filled  with  water.  It  will  be  noticed  that  those  bricks  having 
curves  with  the  longest  ordinates  are  the  highest  bricks  in  shear, while 
those  which  have  the  shortest  abscissas  are  the  largest  in  moduli. 

Conclusion. 

In  comparing  the  tables  for  the  strength  of  the  brick  under  dif- 
ferent strains,  one  finds  the  following  order  of  increase  in  strength, 
namely,  tension,  shear,  torsion,  bending,  compression. 

This  order  would  naturally  lead  one  to  believe  that  the  least  im- 
portant test  was  that  of  compression,  and  the  most  important  that  of 
tension,  the  others  occupying  places  in  the  order  given.  But  this  does 
not  follow,  necessarily,  for  strains  set  up  in  certain  directions  are 
more  marked  than  in  others.  For  example,  torsion  would  stand  thii'd 
in  importance  if  rated  in  this  way,  biit  the  writer  believes  this  to  be 
the  least  important  test,  because,  in  brickwork,  torsional  strains  are 
less  likely  to  be  set  up  than  any  other  form  of  strain. 

The  most  important  tests  are  tension  and  compression,  as  these 
strains  are  more  likely  to  occur  than  any  others,  and,  of  these,  tension 


PHYSICAL   PROPERTIES    OF    BRICK.. 


63 


64  PHYSICAL    PROPERTIES    OF   BRICK. 

is  the  more  important,  as  it  is  the  weaker  stress,  and,  when  brickwork 
fails,  bulging  is  brought  out  very  prominently,  and  this  produces 
tensional  strains,  and,  to  a  less  marked  degree,  bending  and  shear. 
Of  the  two  remaining  forms,  bending  is  more  important  than  shear, 
as  strain  along  this  line  is  more  likely  to  occur  than  in  shear,  although 
sliear  shows  the  weaker  stress. 

As  to  the  best  kind  of  brick  to  use,  the  tables  and  the  curves  of 
distortion  show  results  decidedly  in  favor  of  reheated  brick;  but, 
taking  into  account  the  expense  of  preparing  reheated  brick  and  the 
loss  of  12°^  of  them,  it  would  be  cheaper  to  use  enough  extra  natural 
brick  to  make  uj^  the  excess  of  strength  found  in  reheated  brick, 
unless  the  reheating  has  been  done  in  a  conflagration.  Natural  brick 
and  brick  filled  with  water  show  about  the  same  results,  so  that,  in 
general,  the  water  does  not  impair  the  strength  of  the  brick. 

In  the  compression  test,  the  brick  on  flat  are  the  strongest,  while 
the  brick  cubes  are  the  weakest,  and  the  brick  on  end  are  weaker  than 
those  on  edge.  In  this  test  the  pieces  are  2,  4  and  8  ins.  in  height, 
from  which  the  strength  for  a  square  inch  for  the  respective  heights 
can  be  computed.  The  question  comes  up:  What  would  be  the 
strength  of  each  of  these  si^ecimens  if  it  were  only  1  in.  high?  The 
writer  has  assumed  that  the  sjjecimens  would  increase  in  strength  per 
square  inch  as  many  times  as  the  specimen  is  inches  in  height,  and  has, 
as  a  result,  the  figures  given  in  the  columns  headed,  "Equivalent 
ultimate  load  per  unit  of  height,  in  pounds  per  square  inch."  The 
results  show  that  this  assumption  is  wrong,  and  that  some  other  ratio 
of  the  height  exists.  What  this  is  can  be  found  more  satisfactorily  by 
tests  than  by  assumptions. 

By  looking  at  the  shearing  and  torsional  tests,  Tables  Nos.  12  and 
13,  respectively,  it  is  seen  that  those  in  Table  No.  12  are  for  direct 
shear,  and  those  in  Table  No.  13  are  for  shear  in  the  outer  fiber,  caused 
by  torsional  strain.  In  the  case  of  reheated  brick,  the  stresses  are 
about  the  same  in  both  tables,  those  in  No.  13  being  a  little  larger, 
while  the  greatest  diff'erence  is  in  the  natural  brick,  those  in  Table 
No.  13  being  about  one  and  one-half  times  those  found  in  Table  No. 
12.     In  these  two  tables  the  important  test  is  that  of  direct  shear. 
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DISCUSSION. 


E.  J.  McCaustland,  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — In  con-  Mr.  McCaust- 


ducting  these  tests,  which  show  a  great  amount  of  painstaking  labor 
on  the  part  of  Mr.  Turrill,  an  excellent  opportunity  was  offered  to 
determine  the  rate,  as  well  as  the  total  amount,  of  absorjjtion.  With 
bricks  heated  for  the  time,  and  to  the  degree  indicated  in  these  experi- 
ments, and  with  the  time  allowed  for  the  complete  test,  valuable 
information  might  have  been  obtained  by  weighing  the  bricks  at  fre- 
quent intervals  during  the  period  of  immersion. 

There  is  little  doubt  that  the  rate  of  absorption  is  much  greater 
during  the  first  few  hours  of  immersion  than  at  any  later  time, 
although  there  will  be  increasing  absorption  for  a  long  period. 

In  ordinary  commercial  work  it  is  not  usually  convenient  to  extend 
the  absorption  tests  over  more  than  48  hoitrs,  and  sometimes  not  more 
than  24  hours.  The  latter  time  is  rather  short;  but  the  writer  be- 
lieves that  48  hours  gives  sufficient  time  to  indicate  clearly  the  char- 
acter of  the  brick  and  give  restilts  definite  enough  for  all  purposes  of 
comparison.  It  is  probable,  in  any  case  of  building  brick  and  most 
cases  of  jsaving  brick,  that  at  least  755'o  of  the  total  water  of  ab- 
sorption would  be  taken  up  during  the  first  48  hours  of  immersion, 
and  it  is  believed  that  this  initial  absorjition  affords  fully  as  satis- 
factory an  index  of  the  character  of  the  brick  as  would  be  obtained 
from  a  more  extended  test.  Certainly,  it  is  absor^jtion  in  the  first 
stages  that  is  imj^ortant  to  consider  in  ordinary  brickwork  where  it  is 
exposed  to  moisture.  Brickwork  under  water  is  usually  constructed 
of  a  material  which  will  absorb  only  a  very  small  percentage  of  its 
own  weight. 

The  writer  believes  that  tension  tests  of  brick  should  receive  more 
attention  than  has  been  given  to  them  heretofore.  In  crushing  tests 
of  a  large  number  of  brick  piers  or  columns,  he  has  found  that  failure 
occurred  invariably  by  splitting  longitudinally,  the  individual  bricks 
failing  by  tension,  with  little  or  no  indication  of  crushing. 

The  author's  conclusions,  based  upon  the  results  of  his  tensile 
tests,  concerning  the  comparative  strength  of  natural,  filled-with- 
water,  and  reheated  bricks  seem  to  be  scarcely  justified.  It  is  true 
that  on  the  twelve  tests  the  average  strength  of  the  reheated  bricks  is 
highest;  but  it  is  to  be  noted  that  two  of  these  specimens  (Nos.  96 
and  231)  give  abnormally  high  results.  With  these  omitted,  or  scaled 
down  to  the  next  highest  figure  (No.  491),  the  average  will  be  i^rac- 
tically  the  same  as  for  the  natural  brick.  Comparing  the  "  filled-with- 
water  "  and  the  "  natixral,"  it  is  to  be  noted  that  six  of  the  latter  give 
a  higher  value  than  the  corresponding  "  filled-with-water, "  and  on 
the  whole  set  of  twelve  bricks  the  averages  for  the  three  conditions 
differ  only  8  lbs. 
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Mr.  McCaast-  It  woiild  seem  to  the  writer  more  nearly  correct  to  conclude  that 
these  tests  do  not  establish  any  difference  whatever  in  the  tensile 
strength  of  these  three  classes  of  brick.  The  stresses  due  to  bending, 
although  not  to  be  classed  as  tensile  stresses,  have  some  significance 
in  this  connection,  and  their  averages  indicate  an  excess  of  strength 
in  favor  of  the  natural  brick.  However,  notwithstanding  the  extent 
of  these  exj)erimeuts  and  the  care  with  which  they  were  conducted, 
they  are  not  sufficiently  numerous  to  warrant  general  conclusions. 
Mr.  Turiill.  Sherman  M.  Tuekxll,  A&soc.  Am.  Soc.  C.  E.  (by  letter). — Admit- 
ting as  true  all  that  Mr.  McCaustland  has  said,  the  writer  would  like 
to  add  some  explanation,  in  order  that  there  may  be  no  misunder- 
standing. When  the  absorption  tests  were  jjlanned,  the  writer  was 
aware  that  in  commercial  work  forty-eight  hours  was  sufficient  time 
for  a  brick  to  remain  under  water,  and  that  it  would  absorb  more 
water  during  the  first  stages  of  its  immersion,  but  he  was  interested 
most  in  ascertaining  the  greatest  amount  of  absorption.  If  the 
greatest  amount  of  absorption  is  within  the  proper  percentage,  the 
brick  is  safe  at  all  stages. 

In  these  tests  the  writer  was  advised  to  confine  himself  to  brick  of 
one  make,  and  to  test  that  thoroughly,  thus  laying  a  foundation  for 
the  comparison  of  tests  of  other  makes,  and  this  he  did. 

In  making  the  tests  their  full  commercial  value  was  not  always  con- 
sidered, and  they  were  carried  out  more  on  a  scientific  than  a  com- 
mercial basis. 
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Paper  No.  958. 
TIMBER  TESTS. 

Au  Informal  Discussion  at  the  Annual  Convention,  June  10th,  1903. 


By  Messrs.  W.  K.  Hati,  Hermann  von  Schrenk,  Gaetano  Lanza, 
A.  L.  Johnson,  S.  Bent  Russell  and  W.  K.  Hatt. 


W.  K.  Hatt,  Assoc.  M.  Am.  Soc.  C.  E. — The  speaker,  who  is  on  the  Mr.  Hatt. 
staff  of  the  Bureau  of  Forestry  in  the  work  of  organizing  the  pro- 
jected investigation  of  the  strength  of  timber,  has  been  asked  to  rep- 
resent the  Bureau  of  Forestry  in  this  discussion.  A  general  statement 
of  the  character  of  the  investigation  has  been  prepared  by  Giflford 
Pinchot,  Assoc.  Am.  Soc.  C.  E.,  Forester,  which  is  here  reproduced  as 
published  in  the  Proceedings*  for  April,  1903. 

"  The  Bureau  of  Forestry,  of  the  United  States  Department  of  Agri- 
culture, intends  to  resume  the  work  of  testing  timber  formerly  carried 
on  by  the  Division  of  Forestry  during  the  years  1891-1896.  A  large 
l)ortion  of  the  groundwork  covered  by  the  proposed  investigation  is  of 
interest  to  engineers,  and  it  is  the  desire  of  the  Bureau  that  the  results 
obtained  shall  be  of  the  greatest  value  to  them  To  this  end  it  is 
hoped  that  those  engineeis  interested  in  the  application  of  timber  to 
construction,  will,  in  this  discussion,  offer  suggestions  and  make  crit- 
icisms which  will  aid  the  Bureaii  in  planning  this  series  of  tests. 

"  It  is  the  intention  of  the  Bureau  to  take  up  these  tests  in  a  thor- 
ough manner,  and  devote  whatever  time  may  be  necessary  for  the 

*  Proceedings,  Am.  Soc.  C.  E.,  Vol.  XXIX,  April,  1903,  p.  133. 
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Mr.  Hatt.  solution  of  the  problems  involved.  It  is  expected  that  the  plan  of 
operation  will  be  sufficiently  complete,  and  the  methods  of  tests  so  well 
chosen,  that  the  data  obtained  may  be  accepted  by  all  exjierts. 

"  The  following  account  of  the  proposed  tests  is  of  a  very  general 
nature.  Those  who  are  particularly  interested  can  obtain  a  descrip- 
tion of  the  proposed  tests  in  greater  detail  on  api^lication  to  the  Bu- 
reau of  Forestry,  Washington,  D.  0. 

"  The  Bureau  aims  at  results  of  practical  value,  such  as  the  values 
exjDressing  the  strength  and  stiffness  of  the  principal  merchantable 
species  of  timber  of  this  country.  Not  only  will  this  be  done  for 
timber  now  in  use,  but  efforts  will  be  directed  to  ascertaining  the  value 
for  structural  purposes  of  timbers  at  jjresent  not  largely  used,  as,  for 
example,  the  Western  Hemlock  and  the  Southern  Gums.  A  thorough 
series  of  tests  will  be  made  of  the  timbers  of  the  Pacific  Slope,  jjarticu- 
larly  the  Red  Fir,  otherwise  called  Oregon  Pine  or  Douglas  Spriice, 
■which  is  now  finding  its  way  in  increasing  quantities  to  eastern 
markets.  If  it  should  appear  that  the  work  done  on  the  Southern  Pines 
by  the  Division  of  Forestry  during  the  years  1891-1896  has  been  suffi- 
ciently complete,  the  proposed  tests  will  not  cover  these  timbers. 

"Experimentation  will  be  directed  also  in  advance  to  the  investiga- 
tion of  the  effects  of  different  factors  of  the  testing  processes  on  the 
results,  such  as  speed  of  apialication  of  a  load,  method  of  moisture 
determination,  the  effect  of  moistiire,  and  of  volatile  oils. 

"  The  investigation  of  the  effect  of  technological  operations,  such  as 
methods  of  kiln  drying,  methods  of  preserving  timber,  etc.,  will  be 
undertaken. 

"  In  determining  the  values  of  the  strength  and  stiffness  of  various 
merchantable  timbers,  tests  willbemade,  both  on  timber  collected  from 
the  market  and  on  timber  collected  in  the  forest.  Full-sized  sticks,  as 
used  in  construction,  will  in  all  cases  be  tested  under  their  appropri- 
ate loadings. 

"  Work  is  at  present  in  jjrogress  at  a  station  in  California,  on  the  dif- 
ferent merchantable  grades  of  these  full-sized  timbers,  such  as  bridge 
stringers  and  car  sills  collected  on  the  market.  The  locality  of  origin 
of  the  timbers  is  determined,  and  a  full  descrij^tion  of  each  stick,  as 
well  as  a  series  of  photographs  of  all  six  sides,  is  made  a  matter  of 
record.  Full  information  of  the  physical  and  mechanical  projDerties 
of  the  sticks  under  test  will  be  obtained. 

"The  investigation  of  the  effect  of  various  conditions  of  forest 
growth  on  the  physical  and  mechanical  properties  of  timber  will  be 
undertaken  whenever  the  Bureau  is  thoroughly  prepared  for  this 
work. 

"It  is  hoped  that  the  discussion  will  take  up  the  need  of  making 
timber  tests  from  the  standpoint  of  the  engineer.  Suggestions  are 
invited  as  to  those  particular  matters  which  at  present  most  need 
investigation.  It  is  also  desired  that  discussion  shall  take  place  con- 
cerning the  methods  of  performing  the  tests,  particularly  as  to  the 
best  method  of  determining  the  moisture  in  timber;  and  the  best 
method  of  determining  the  shearing  strength  of  timber. 

"It  is  hojied  that  a  full  criticism  of  the  former  tests,  both  as  to 
methods  and  content,  will  be  given. 

"It  is  recognized  that  timber  is  subject  to  a  great  number  of 
variables.  From  the  botanical  standpoint,  the  ideal  method  of  pro- 
cedure would  be  to  determine  the  properties  of  the  wood  fiber  of  each 
species  representing  the  normal  growth  of  straight-grained  timber. 
With  these  standard  values  as  a  basis,  inquiries  could  be  directed  to 
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ascertain  how  much  the  values  are  aflfected  by  such  variables  as  Mr.  Hatt. 
moisture,  oil,  spesd  of  test,  imperfection  of  structure  due  to  direction 
of  grain,  or  kaots,  rate  of  growth,  diseases  of  the  tree,  technological 
proc3sses,  such  as  kiln  drying  or  preserving,  etc. ;  foivst  conditions, 
region  and  growth.  It  would  seem  that  the  interests  of  all,  whether 
engineers,  manufacturers,  or  botanists,  would  be  consulted  by  such  a 
method  of  procedure.  The  particular  series  of  tests  on  full-sized 
sticks  of  market  timber  would  form  part  of  this  general  scheme." 

The  Bureau  has  sent  out  a  preliminary  circular,  to  many  engineers 
and  others  interested  in  the  utilization  of  timber,  in  order  to  deter- 
mine the  need  of  future  tests  and  to  formulate  a  plan  of  procedure. 
After  the  content  of  the  investigation  and  general  plan  is  determined 
in  its  general  features,  by  such  correspondence  and  preliminary  dis- 
cussion, it  is  the  intention  to  perfect  the  arrangement  and  details  of 
this  i^lan,  involving  methods  of  measurement  and  experiment,  and 
submit  it  to  experts  for  a  record  of  agreement  or  disagreement  with 
the  proposed  methods  of  test.  The  plan  and  methods,  as  far  as 
practicable,  will  be  of  such  a  character  that  the  work  may  be  under- 
taken in  part,  and  the  partial  resiilts  obtained  will  be  of  use  through- 
out the  entire  investigation. 

The  results  of  the  preliminary  canvass  of  those  interested  in  the 
utilization  of  timber  will  be  published  in  due  time.  The  replies  to 
the  circular  make  evident  the  fact  that,  far  from  the  belief  that  the 
problems  connected  with  timber  are  not  serious  because  of  a  partial 
and  growing  rej^lacement  of  timber  by  other  material,  there  is  a 
lively  appreciation  of  the  importance  of  a  continuous  organized  study 
of  methods  which  will  economize  the  use  of  timber,  lengthen  its  life, 
and  develop  the  supply  by  proper  forestation.  The  matter  of  deter- 
mining the  strength  values  of  timber  is  only  a  minor  part  of  the 
general  need.  In  view  of  the  variability  of  the  product,  the  details 
of  testing  operations  are  considered  by  many  to  be  of  minor  im- 
l^ortance. 

Such  useful  lines  of  work  as  the  follomng  have  been  suggested  : 

The  need  of  proper  determination  of  the  strength  of  the  Pacific 
Coast  woods,  Fir,  Spruce,  Hemlock,  and  the  Eastern  Spruce  and 
Hemlock,  which  will  form  the  future  sui^ply  of  structural  timber,  is 
suggested  from  many  quarters.  The  determination  of  the  mechanical 
properties  of  the  various  hardwoods  which  probably  will  form  substi- 
tutes for  Hickory  and  White  Oak  in  carriage  construction  is  a  matter 
of  importance. 

The  majority  of  engineers  would  be  more  satisfied  with  the  results 
of  tests  of  the  timber  actually  supplied  to  the  market  by  saw-mills 
(timber  of  prime  quality,  average  quality,  merchantable,  square-edged, 
etc.,  as  modified  by  the  forms  and  proportions  of  sticks  and  by  vari- 
ous degrees  of  seasoning),  than  by  tests  conducted  on  timber  collected 
from  the  forest  and  sawed  up  at  the  order  of  the  engineer  of  tests,  in 
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Mr.  Hatt.  order  to  obtain  a  solution  of  the  various  jjroblems  whicli  confront  the 
forester  and  the  botanist.  One  prominent  user  of  timber  insists 
that  the  quotation  of  the  strength  of  timbers  should  be  made  with 
reference  to  the  sizes  and  lengths  of  sticks,  as  in  his  experience  the 
unit  values  to  be  used  in  design  should  be  much  smaller  as  the  sticks 
become  larger.  The  degree  to  which  the  values  obtained  from  tests 
on  new  material  are  to  be  reduced  by  the  inevitable  decay  which 
results  from  their  use,  is  another  matter  which  has  been  suggested. 

The  need  also  is  pointed  out  of  uniform  standard  rules  of  inspec- 
tion and  grading,  involving  the  determination  of  the  value  of  the 
reducing  factors  due  to  knots,  crooked  grain,  and  sap.  A  useful  work 
is  suggested  in  the  presentation  of  photographs,  etc.,  of  the  appear- 
ance of  sawed  lumber  of  diflferent  species. 

Shippers  demand  a  determination  of  the  average  weight  of  differ- 
ent species  of  timber,  at  different  degrees  of  seasoning,  as  a  basis  for 
the  computation  of  freight  charges. 

All  unite  in  the  expression  of  the  usefulness  of  an  investigation  of 
the  proper  methods  of  preserving  timber  and  the  most  advantageous 
species  to  be  used  in  cases  where  the  timber  is  to  be  preserved. 
Questions  of  the  relative  life  of  treated  lumber  to  be  oxiiected  under 
different  exposures,  and  the  question  of  the  strength  of  such  treated 
lumber,  are  also  matters  of  importance  to  many.  The  proper  methods 
of  seasoning,  or  hastening  the  seasoning  process,  of  both  hard  and 
soft  woods,  is  a  matter  which  might  be  investigated  with  great  profit. 

From  the  standpoint  of  the  forester,  the  effect  of  the  more  im- 
portant forest  conditions  upon  the  strength  of  timber  is  of  scientific 
and  practical  interest.  Such  j^roblems  as  the  relative  strength  of 
swamp  and  highland  hardwoods,  first-  and  second-growth  timbers, 
etc.,  suggest  themselves;  and  a  demonstration  of  the  appropriate  uses 
of  these  inferior  timbers,  which  at  present  are  left  uncut  in  the  forest, 
and  which  improperly  influence  the  future  character  of  the  forest, 
will  be  of  use  to  the  forester. 

It  is  evident  that  the  subject  of  timber  investigation  is  a  formida- 
ble problem  to  attack.  The  ideal  procedure  would  involve  a  system- 
atic programme  in  advance,  including  all  the  jjroblems,  so  that  one 
part  of  the  field  may  be  covered  at  one  time  and  the  results  afterward 
may  fit  the  general  scheme.  This  plan,  of  course,  would  involve 
testing  timber  as  found  in  the  forest,  in  which  all  the  conditions  are 
known.  And  yet,  while  this  is  true,  the  speaker  agrees  with  those 
who  believe  that  the  most  direct  method  of  getting  unit  strength 
values  for  the  engineer  is  to  test  timbers  in  actual  sizes  as  found  on 
the  market.  There  is  some  waste  of  time  and  duplication  of  work  in 
this  manner  of  procedure,  from  the  standpoint  of  the  complete  inves- 
tigation of  all  problems,  but  the  usefulness  of  the  results  to  the 
parties  for  whom  the  tests  are  designed,   will  practically  be   much 
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greater  than  by  any  other  method.  The  progress  of  knowledge  Mr.  Hatt. 
derived  from  experiment  will  thus  take  place  in  the  same  manner  as 
in  the  case  of  other  materiarls.  In  no  case  has  the  entire  subject  been 
cleared  up  in  a  single  investigation,  however  ideal  that  procedure 
would  be.  In  all  cases  care  should  be  taken  to  determine  the  species 
of  timber  under  test,  and  to  ascertain  the  region  of  growth.  There  is 
no  difficulty  in  determining  the  species  and  region  of  growth  from  the 
records  of  the  lumber  dealer,  in  the  case  of  large  timbers.  The  weight, 
rate  of  growth  (as  shown  by  annual  rings),  and  the  defects,  can  be 
made  a  matter  of  record.  A  complete  study  of  species,  from  the 
botanist's  standpoint,  woiild  involve  the  detailed  examination  of  the 
entire  tree  as  cut  in  the  forest. 

The  following  discussion  aims  at  a  summing  up  of  the  recent  addi- 
tions to  our  knowledge  of  the  mechanical  projierties  of  timber,  and 
the  consideration  of  the  directions  in  which  further  experimentation 
should  be  made,  both  to  determine  mechanical  properties  as  affected 
by  different  conditions  and  to  improve  methods  of  preserving  timber 
and  of  teshnological  processes.  The  discussion  does  not  concern  itself 
with  details  of  methods  of  test  and  measurement.  Propositions  in 
regard  to  these  details  will  be  presented  to  the  American  Society  for 
Testing  Materials,  at  the  meeting  at  Delaware  Water  Gap,  on  July  1st 
to  4th,  1903      Nor  are  dendro-chemical  problems  mentioned. 

Recent  Additions  to  KnowxiEdge. 

The  strength  of  the  different  species  of  timber  of  the  United 
States,  used  in  construction,  as  known  up  to  the  year  1895,  is  very 
well  summarized  in  the  Rejjort  of  a  Committee  of  the  American  Inter- 
national Association  of  Railway  Sui^erintendents  of  Bridges  and 
Buildings,  presented  before  the  Convention  at  New  Orleans,  on  Octo- 
ber 16th,  1895.  This  report  presents  the  results  of  an  exhaustive 
compilation  by  Walter  G.  Berg,  M.  Am.  Soc.  C.  E.,  Chief  Engineer  of 
the  Lehigh  Valley  Railroad.  The  values  obtained  by  different  experi- 
menters are  listed  in  a  number  of  tables.  This  report  is  reproduced 
in  Bulletin  No.  12  of  the  Division  of  Forestry,  United  States  Depart- 
ment of  Agriculture.  A  more  complete  table  of  mechanical  properties 
of  a  wider  range  of  species  is  contained  in  the  Report  of  the  Tenth 
United  States  Census.  A  summary  of  the  results  accomplished  in 
the  former  United  States  Government  Timber  Tests  will  be  found  in 
"The  Materials  of  Construction,"  by  the  late  J.  B.  Johnson,  M.  Am. 
Soc.  C.  E.,  both  as  to  moduli  of  strength  and  effect  of  various  factors. 
This  summary  is  more  complete  than  any  given  in  the  interrupted 
official  publications  of  the  Division  of  Forestry. 

Since  1895  the  exjoeriments  worthy  of  note  are  those  on  White 
Pine,  Red  Pine,  Hemlock  and  Spruce  by  Professor  H.  T.  Bovey,   of 
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Mr.  Hatt.  McGill  University,*  showing  that  in  many  cases  no  increase  of 
strength  can  ba  counted  upon  due  to  the  reduction  of  the  moisture 
from  a  green  to  a  kiln-dried  state,  in  the  case  of  large  beams.  This 
contradiction  of  the  indications  from  tests  on  small  sticks  is  due  to 
the  checking  of  the  beam  during  drying,  and  subsequent  failure  under 
longitudinal  shear. 

Additional  information  concerning  the  mechanical  properties  of 
species  is  contained  in  Circular  No.  19  of  the  Division  of  Forestry, 
United  States  Department  of  Agriculture,  dealing  with  the  strength 
of  Bald  Cypress. 

William  Hood,  M.  Am.  Soc.  C.  E.,  Chief  Engineer  of  the  Southern 
Pacific  Railway,  has  made  an  extensive  series  of  tests  of  full-sized 
sticks  of  the  Red  Fir,  with  a  view  to  obtaining  unit  values  for  timbers 
of  different  sizes,  and  the  efi'ect  of  creosoting  on  the  strength.  He 
finds  that  both  the  modulus  of  elasticity  and  the  fiber  stresses  must 
be  diminished  with  increasing  depth  of  beam.  Thus,  for  a  dejjth  of 
2  ins.,  the  modulus  of  elasticity  is  1  793  000  lbs.  per  square  inch,  the 
elastic  limit  is  6  950  lbs.  per  square  inch,  and  the  modulus  of  rupture 
is  11  200  lbs.  per  square  inch;  whereas,  for  a  depth  of  beam  of  16  ins., 
these  values,  as  figured  from  the  load  at  first  indication  of  failure,  are 
1  074  000,  3  769  and  5  590  lbs.  per  square  inch,  respectively.  In  Mr. 
Hood's  tests,  however,  the  reduced  values  for  larger  sticks  are  due  to 
the  effect  of  the  relatively  short  span  in  bringing  about  failure  under 
longitudinal  shear.  There  is  no  decided  indication  of  actual  diminu- 
tion of  fiber  strength  at  the  center.  However,  the  practical  use  of 
beams  in  the  ratios  of  span  to  depth  equal  to  those  used  under  test 
conditions,  make  the  results  reached  by  Mr.  Hood  of  significance  in 
determining  the  ratio  of  depth  to  span  at  which  the  beams  must  be 
designed  for  longitudinal  shear.  He  finds  in  the  case  of  8  x  10-in. 
creosoted  Red  Fir  beams,  that  the  modulus  of  elasticity,  the  elastic 
limit  and  the  modulus  of  rupture  are  0.973,  0.826,  and  0.606,  respec- 
tively, on  the  ba?is  of  unity  as  the  value  for  untreated  timber.  The 
reduced  strength  is  mainly  to  be  accounted  for  by  the  jiresence  of 
checks  arising  from  the  creosoting  process,  and  from  the  diminution 
of  the  shearing  strength  of  the  wood.  These  influences  determine  a 
diminution  of  the  strength  of  the  large  beams  compared  with  similar 
large  beams. 

L.  E.  Hant,  Assoc.  M.  Am.  Soc.  C.  E.,  of  the  University  of  Califor- 
nia, has  demonstrated  the  diminution  of  shearing  strength  of  creosoted 
Red  Fir  timber.  He  finds  that  the  other  quantities,  elastic  limit, 
modulus  of  elasticity,  etc.,  are  but  little  afi'ected.  These  same  state- 
ments apply  to  Barnettized  timber. 

A  valuable  series  of  tests  on  full-sized  timbers  and  structural  details 
has  been  in  progress  at  the  Laboratory  of  the  Massachusetts  Institute 

*  Transactions,  Canadian  Society  of  Civil  Engineers,  Vol.  XIV,  1897. 


DISCUSSION    ON   TIMBER   TESTS.  ,  73 

of  Technology,  tinder  tlie  direction  of  Professor  G.  Lanza,  with  a  view  Mr.  Hatt. 
to  obtaining  tmit  stresses  ajapropriate  to  market  timbers. 

A  series  of  tests  of  Redwood  and  Red  Fir,  from  sticks  of  4  x  4  ins. 
in  cross-section,  has  been  made  under  the  direction  of  Professor  Soule, 
of  the  University  of  California. 

A  comparison  of  the  mechanical  properties  of  the  Red  Fir  and 
Southern  Yellow  Pine,  as  based  on  sticks  4x4  ins.  in  cross-section, 
has  been  made  at  the  Bremerton  Naval  Station  by  Naval  Constructor 
Frank  W.  Hibbs,  showing  that  these  two  woods  are  about  equal  in 
value,  as  far  as  the  mechanical  properties  are  concerned. 

In  general,  it  may  be  said  that  our  present  knowledge  of  the  aver- 
age mechanical  properties  of  the  difierent  species  of  structural  timber 
is  fairly  complete,  as  far  as  such.values  may  be  based  on  small  sticks. 
The  reductions  which  must  be  made  in  case  of  large  timbers  of  the  dif- 
ferent merchantable  grades,  and  the  manner  in  which  these  values  are 
affected  by  forest  conditions,  are  largely  unknown.  The  effect  of 
moisture  on  the  mechanical  properties  of  wood  fiber  has  been  well 
determined,  but  the  projjer  reducing  factors  for  the  effect  of  moisture, 
in  case  of  large  sticks,  are  not  known.  Nor  are  the  moisture  contents 
of  market  timber  well  known.  It  is  fail'ly  well  established  that,  in 
woods  of  uniform  structure,  the  strength  increases  with  specific  weight. 
The  relations  between  the  mechanical  properties  of  any  one  species  are 
only  partially  established.  The  variations  of  the  physical  and  mechani- 
cal properties  with  position  in  trunk  are  well  established  in  the  case  of 
the  Southern  Pines. 

The  outline  of  any  future  work  should  not  duplicate  work  already 
performed  in  a  reasonably  satisfactory  manner.  Tests  should  be  con- 
fined to  species  that  give  promise  of  being  on  the  market  for  some 
time.  Before  presenting  an  outline  of  the  series  upon  which  investi- 
gations may  jarofitably  be  made,  some  discussion  will  follow  on  the 
various  factors  which  enter  into  the  problem. 

Technologicai,  Processes. 

Kiln  Drying. — The  effect  of  hot-air  drying  on  the  strength  was 
investigated  in  the  former  United  States  timber  tests.  It  was 
found  that,  for  any  temjierature  commonly  used  in  drying  lumber,  no 
detrimental  effect  on  the  strength  would  be  produced,  aside  from  the 
checking  action  which  might  result  from  too  raj^id  drying  of  the  exte- 
rior portion  of  the  stick.  The  effect  of  very  high  temperatures  and 
jaressures  used  in  drying,  as  in  the  vulcanizing  process,  is,  according  to 
the  former  Government  timber  tests,  to  reduce  the  strength  slightly. 

The  subject  has  not  been  well  covei'ed,  and  an  investigation  of  the 
temperature  and  rate  of  drying,  to  determine  the  best  conditions  for 
the  prevention   of  checking,   together  with  a  general   study   of  the 
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Mr.  Hatt.  methods  of  seasoning,  is  planned.  This,  however,  is  outside  the  realm 
of  mechanical  tests,  as  is  a  projected  study  of  the  behavior  of  timber 
in  the  operations  of  steaming  and  bending. 

Bleeding  for  Turpentine. — The  effect  of  bleeding  Long-Leaf  Pine  for 
turpentine  is  not  detrimental  to  the  strength  of  the  timber,  according 
to  the  results  of  the  previous  Government  mechanical  and  chemical 
tests.  These  tests  are  believed  to  be  conclusive,  and  will  not  again  be 
taken  up,  excej^t  to  determine  the  effect  of  this  operation  on  the 
durability  of  the  timber. 

FirePrnofing. — Other  matters  which  are  to  be  taken  up  in  the 
proposed  investigation  include  a  study  of  the  effects  of  fire  retardants, 
and  their  efficiency  for  various  species  of  timber,  as  well  as  the  effect 
of  these  on  the  mechanical  properties,  and  on  nails  and  fastenings. 

Preservative!^. — A  study  of  the  durability  of  the  different  woods  in 
their  natural  state  under  ordinary  service  conditions  will  be  useful  in 
giving  information  as  to  what  species  of  wood  are  suitable  for  given 
conditions.  A  large  field  for  investigation  is  the  efficiency  of  preser- 
vatives in  the  treatment  of  the  so-called  inferior  woods,  such  as  second- 
growth  Loblolly  Pine,  Hemlock,  Red  Oak,  Beech,  Eucalyptus  and  the 
Gums.  This  most  valuable  study  will  be  outlined  after  consultation 
with  those  at  present  studying  the  subject.  It  is  desirable  that 
laboratory  tests  be  devised  to  avoid  the  excessive  cost  of  field  tests. 

Variations  in  Quality,  and  Imperfections. 

It  is  the  common  belief  that  tests  on  small  sticks  do  not  yield  unit 
values  apx^licable  to  large  sticks.  It  is  supposed  that  the  small  pieces 
selected  for  test  are  unavoidably  of  a  better  average  character  than 
large  sticks;  very  often  these  small  pieces  are  clear  and  straight- 
grained.  Experimental  evidence  seems  to  show  that  the  results  of 
tests  by  those  who  test  large  sticks  are  lower  than  the  results  obtained 
by  those  who  have  experimented  on  smaller  sections. 

It  seems  reasonable  to  suppose  that  the  modulus  of  elasticity  and 
the  elastic  strength  of  identical  material  should  not  be  affected  by  the 
size  of  the  specimen,  provided  that  the  ratio  of  depth  of  beam  to  span 
be  great  enough  to  eliminate  largely  the  effect  of  shear.  It  is  known, 
however,  that  two  pieces  of  wood  are  far  from  identical.  In  spite  of 
this  heterogeneous  character  of  timber,  however,  small  and  large 
.  sticks  may  yield  equal  moduli,  for  the  reason  that  the  effect  of  a  knot 
of  given  size  is  more  serious  in  a  small  stick  than  in  a  large  stick. 
And  this  consideration  may  explain  the  fact  that,  although  timber  in 
small  sizes  is  usually  more  free  from  knots  and  other  defects  than 
timber  of  large  sizes,  the  comparison  of  results  of  tests  of  a  large  stick 
with  a-number  of  tests  on  small  sticks  cut  from  this  same  lai'ge  stick 
shows  that  there  is  no  significant  difference  in  the  average  unit  values 
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from  the  large  and  small  sticks.     This  is  what  the  former  Government  Mr.  Hatt. 
timber  tests  have  shown. 

What  the  designer  wishes  to  know,  however,  is  the  most  probable 
strength  of  the  different  sizes  of  timber  and  different  grades  of  limber 
that  he  is  compelled  to  purchase  on  the  market,  as,  for  instance,  the 
different  grades  of  car  sills,  stringers,  and  carriage  material.  It  seems 
to  the  speaker  that  this  knowledge  can  only  be  reached  through  a 
direct  test  of  the  actual  market  timbers,  the  qualities  of  which  ai-e 
determined  by  the  saw-mill.  A  given  log  is  cut  in  such  a  way  as  to 
furnish  the  desired  products  to  the  best  advantage.  It  is  less  likely 
that  logs  sawed  up  lander  the  direction  of  the  engineer  of  tests  will 
yield  results  comparable  with  these  commercial  j^roducts,  which  rep- 
resent the  combined  judgment  of  a  great  number  of  engineers  and 
lumbermen.  The  relation  of  the  strength  of  large  sticks  to  the  small 
sticks  cut  from  them  does  not  necessarily  agree,  for  instance,  with  the 
relation  of  the  quality  of  a  railway  stringer  and  car  sill,  both  of  first- 
grade  merchantable  timber,  cut  from  a  given  log. 

Useful  information  will  be  presented  by  the  i^roposed  method  of 
photographing  the  sticks  tested,  so  that  the  effect  of  different  kinds 
of  knots,  and  the  position  of  these,  upon  the  strength  of  the  different 
kinds  of  test  pieces  may  be  determined  by  the  individual  who 
examines  the  reports.  In  the  publication  of  results  of  tests,  analyses 
should  be  presented  to  determine  in  some  quantitative  measure  the 
reduction  of  the  moduli  due  to  the  effects  of  knots,  shakes,  and 
crooked  grain.  Information  will  also  be  available  concerning  the 
liability  of  various  species  to  these  detects.  The  former  Government 
l^ublications  relating  to  timber  tests  have  been  criticized  because  no 
record  was  made  of  the  quality  of  the  sticks.  This  criticism  will  be 
met  in  the  future  by  the  publication  of  photographs  of  the  sticks, 
showing  the  grain  and  defects  and  a  quotation  of  the  market  grade 
of  the  stick.  Tests  are  now  under  operation,  and  will  be  continued, 
on  sticks  of  various  sizes  and  grades,  as  purchased  on  the  market. 

Forest  Conditions. 

The  influence  on  the  quality  of  timber  of  the  various  forest  con- 
ditions, such  as  climate,  winds,  rain,  seasonal  variations,  soil,  eleva- 
tion, rate  of  growth,  density  of  stand,  time  of  cutting,  position  in 
tree,  etc.,  is  of  interest,  and  the  determination  of  the  effect  of  the  more 
important  of  these  should  be  included  in  any  extended  study  of  timber, 
to  the  end  that  in  forest  management  or  in  reforestation  the  best  results 
may  be  obtained,  or  that  present  j^rejudices  maybe  removed.  This 
formidable  investigation  has  scarcely  been  entered  ujjon  in  a  formal 
way,  although  a  large  body  of  information  is  in  existence  as  the  result 
of  experience  and  observation. 
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Hatt.  No  useful  results  have  as  yet  attended  the  attempts  to  solve  many 
of  these  problems,  by  European  investigations,  or  by  the  former  Gov- 
ernment Timber  Tests.  Many  of  the  factors  seem  to  be  of  such  minor 
importance  that  their  influence  is  necessarily  obscured  by  the  inevit- 
able differences  in  test  pieces  obtained  under  apparently  identical  con- 
ditions. It  also  seems  impracticable  to  obtain  any  modulus  which  "will 
rejiresent  the  mechanical  properties  of  a  tree  grown  under  given  con- 
ditions. Knowledge  of  the  effect  of  forest  conditions,  in  the  sjDeaker's 
opinion,  must  be  largely  inferential,  and  not  precise.  A  i^ractical 
method  of  obtaining  these  relations  would  involve,  first,  a  determina- 
tion of  the  mechanical  qualities  of  timber  of  various  grain  and  weight; 
the  forester  or  botanist  can  then,  by  an  inspection  of  the  wood  under 
examination,  in  the  forest,  decide  its  value  by  reference  to  the  tables 
prepared  for  him  as  a  result  of  previous  mechanical  tests.  This, 
however,  is  only  the  sj^eaker's  personal  view. 

One  iiseful  outcome  of  this  investigation  might  be  the  determination 
of  the  most  favorable  condition  for  the  j)roduction  of  any  given  sijecies, 
as  to  the  various  conditions,  such  as  soil,  density  of  growth,  elevation, 
climate  and  seasonal  changes.  It  is  possible,  however,  that  this 
matter  is  not  of  immediate  practical  importance,  because  in  the 
United  States,  for  many  years  to  come,  trees  must  grow  under  condi- 
tions little  changed  from  those  of  the  present.  Useful  conclusions 
can  be  reached  in  pointing  out  the  relative  value  of  timber  grown  in 
different  regions  of  the  country,  as,  for  instance,  the  relative  strength 
of  Northern  and  Southern  Hickory,  of  first-  and  second-growth  hard- 
woods, of  Coast  and  Mountain  Red  Fir,  of  first- and  second-growth 
Loblolly.  The  timber,  as  found  in  the  market,  with  its  important 
features  of  weight  and  rate  of  growth  known,  will  serve  this  j)urpose 
in  general. 

The  tests  on  inferior  species  are  of  great  importance,  because  they 
will  undoubtedly  tend  toward  a  greater  utilization  of  tbe  inferior  woods. 
If  these  inferior  species  can  be  cut  and  marketed  at  a  profit,  it  would  be 
a  great  help  to  the  future  sylvacultural  condition  of  the  forest  itself. 
As  it  IS  now,  usually  only  the  most  valuable  species  are  cut,  leaving  the 
inferior  ones.  As  a  result  of  this,  the  future  forest  is  composed  largely 
of  the  poorer  class  of  trees.  If  these  inferior  species  can  be  largely 
cut,  and  a  small  percentage  of  the  valuable  species  left  standing,  the 
chances  are  much  better  that  the  new  growth  will  contain  a  large  per- 
centage of  the  valuable  woods.  The  Bureau  has  not  yet  planned  a 
formal  investigation  of  the  effect  of  forest  conditions,  and  does  not 
contemplate  taking  this  up  until  more  pressing  matters  are  dis- 
posed of. 

The  matter  of  supplementing  the  former  Government  timber  tests 
by  tests  on  inferior  woods,  in  order  to  determine  strength  moduli,  is 
also  important,  for  the  reason  that  some  of  these  inferior  woods  have 
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replaced  the  better  grades,  and  will  continue  to  do  so  at  an  increasing  Mr.  Hatt. 
rate  on  account  of  tlie  increasing  price  of  the  latter.  For  instance, 
architects  are  now  using,  for  indoor  service,  8  x  16-in.,  square-edged 
timbers,  of  second-growth.  Loblolly  Pine,  of  almost  entirely  sapwood, 
of  such  rapid  growth  that  four  annual  rings  occur  in  3  ins.  at  a  point 
more  than  half  way  between  the  heart  and  the  outside  of  the  stick. 
It  is  evident  that  the  results  of  tests  on  first-growth  merchantable 
Pine  of  the  best  grade  will  not  apply  to  such  material  as  this. 

Joints  and  Frames. — Tests  to  determine  the  strength  of  structural 
details,  such  as  joints  and  frames,  may  be  left  to  private  enterprise. 

Vakiations  in  Testing  Peocess. 

Rate  of  Loading. — At  present  it  is  known  that  the  rate  of  application 
of  the  load  exercises  a  very  important  influence  ui^dn  the  shape  of  the 
load-deflection  diagram,  particularly  at  the  loads  just  preceding  rup- 
ture. It  is  known,  also,  that  the  deflections  under  the  ordinary  quickly- 
applied  load  in  a  test  ai-e  only  one-half  of  those  resulting  fi'om  the 
continued  application  of  the  same  load.  The  quantitative  relations 
are  not  well  determined,  and  a  further  study  is  imperative,  and  has 
been  lalanned. 

Moisture. — The  method  of  determining  the  moisture  contents  of  the 
sticks  under  test,  and  the  use  to  be  made  of  such  moisture  determina- 
tions in  reducing  the  moduli  to  a  common  basis  of  moisture,  are 
matters  that  excite  a  great  deal  of  discussion  on  the  part  of  operators 
of  tests.  A  series  of  tests  should  be  made,  to  determine  the  proper 
reducing  factors  in  the  case  of  large  timbers,  as  between  the  green 
and  dried  states.  While  the  results  of  tests  on  small-sized  specimens 
show  that  the  strength  of  dry  timber  is  nearly  twice  that  of  green 
timber,  it  is  probable  that  in  many  cases  no  such  increase  is  to  be 
expected,  on  account  of  the  diminution  of  the  shearing  strength  due 
to  the  checking  action  arising  during  the  drying- out  process.  An  in- 
vestigation will  be  made  to  determine  the  relation  between  the  different 
methods  of  determining  moisture  in  wood,  and  the  disturbance  of 
results  due  to  the  presence  of  volatile  oils  in  the  material  under 
examination.  At  present  it  appears  that  the  latter  is  of  minor  im- 
portance. 

The  Bureau  will,  in  general,  test  material  in  a  green  state,  and  for 
this  purpose  it  will  be  necessary  in  some  cases  to  bring  the  sticks  arti- 
ficially to  the  degree  of  moisture  corresponding  to  the  green  state.  A 
sufiicient  number  of  sticks  will  also  be  tested,  after  a  thorough  drying 
out,  to  determine  the  relation  between  the  values  in  the  green  state 
and  in  the  dry  state.  This  information,  together  with  the  knowledge 
of  the  scientific  law  governing  the  relation  between  moisture  and 
strength,  unafi'ected  by  defects  of  checking  or  unequal  moisture  dis- 
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Mr.  Hatt.  tribiitioD  in  beams,  will  be  sufficient  to  enable  the  designer  to  decide 
upon  the  reducing  factors  appropriate  to  the  conditions  of  service 
under  which  the  timber  is  to  be  used.  This  condition  of  service 
involves,  usually,  either  entirely  dry  timber  or  timber  approximately 
green. 

In  all  cases,  however,  the  moisture  content  of  the  timber  will  be 
determined  by  cutting  out  discs,  about  1  in.  thick,  from  the  section 
of  the  beam  near  rapture,  and  at  one  of  the  quarter  points,  and  drying 
these- discs  in  an  oven  at  a  temperature  of  100^  Fahr.  Although  this 
exposure  does  not  determine  the  entire  moisture  in  a  disc,  the  percen- 
tage remaining  is  less  than  the  error  of  observation,  and  the  method 
will  determine  the  necessary  empirical  reducing  factors.  It  has  the 
further  merit  that  the  degree  of  seasoning  of  any  particular  timber 
can  be  easily  determined  by  any  engineer.  A  study  of  the  merit  of  a 
kiln  temperature  of  80°  is  under  way.  This  temperature  avoids  a  dis- 
turbance of  results  due  to  melting  of  resin,  oxidation,  etc.  Informa- 
tion will  also  be  procured  as  to  the  degree  of  seasoning  to  be  expected 
in  timber  as  found  on  the  market.  A  great  deal  of  timber  sold  as  air- 
dried  in  the  yards  is  only  dry  on  the  surface,  and  is  practically  green 
in  the  interior  jDortions. 

Species  to  be  Tested. 

The  species  to  be  tested  for  mechanical  properties  should  include 
timber  at  present  in  use  for  which  unit  values  for  design  are  needed, 
and  also  timbers  which,  though  available,  are  not  at  present  in 
extended  use.  Of  the  former,  the  following  sijecies  may  be  noted: 
Western  Red  Fir,  Hemlock,  Spruce;  Eastern  Spruce,  Hemlock  and 
Fir.  The  western  forests  will  form  future  supply  grounds  for  the 
greater  part  of  the  timber  that  will  be  used  in  construction.  The 
Red  Fir,  otherwise  called  Douglas  Spruce  or  Oregon  Pine,  has  been 
tested  to  some  extent,  both  in  the  former  Government  tests  and  by 
William  Hood,  Professor  H.  T.  Bovey,  Professor  C.  B.  Wing,  and 
Professor  Frank  Soule.  The  Western  Hemlock  is  cut  to  a  large  extent 
and  sold  on  the  market  as  Fir.  Both  the  Hemlock  and  Spruce  are 
used  in  filling  orders  for  second-grade  Red  Fir.  The  Western  Hem- 
lock is  a  very  good  timber  for  constructional  purposes,  and  is  also 
used  in  inside  finishing.  It  does  not  shake  or  8i)linter.  It  also  pos- 
sesses immunity  against  the  attacks  of  insects.  It  suffers  in  public 
estimation  from  the  reputation  of  the  Eastern  Hemlock.  It  grows 
very  rapidly,  and  may  be  counted  upon  to  reforest  cut-over  lands.  It 
has  been  found  of  a  diameter  of  8  ft.  and  a  height  of  250  ft.  As  a  rule, 
the  mature  trees  are  from  3  to  5  ft.  in  diameter,  breast  high.  The 
Western  Spruce  is  also  found  in  trees  of  large  sizes,  and  shares  with 
Hemlock  an  important  role  in  future  timber  supj)lies.  Considerable 
sujiplies  of  Eastern  Spruce,  Hemlock  and  Fir  are  yet  to  be  found  in 
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Penusylvania    and    New   York,    and  furoisli   constructional   material  Mr.  Hatt. 
for  many  purposes  in  the  Northeastern  States.     A  series  of  tests  will 
be  made  with  large-sized  sticks  of  Southern  Pine,  to  add  to  the  rather 
meager  tests  on  large-sized  Southern  Pine  sticks,  and  on  the  poorer 
grades  of  these. 

Of  the  timber's  not  at  present  in  use  for  structural  purposes,  there 
are  large  supplies  of  Soiitheru  Red  Gum  which  will  furnish  timbers  of 
sizes  used  in  building  coustriictiou.  After  the  better  material  for 
flooring,  wagon  stock,  etc.,  has  been  sawed,  the  heart  cull  will  furnish 
valuable  joists.  It  is  projDOsed,  by  a  series  of  tests,  to  determine  the 
quality  of  these,  as  well  as  the  properties  of  the  better  parts  of  the 
log. 

Other  timbers  suitable  for  rapid  growth  under  extreme  conditions 
of  wet  and  dry  sites,  as  Catalpa  and  Eucalyptus  trees,  which  are  being 
planted  very  largely  throughout  the  West  and  Southwest,  should  be 
studied.  In  Australia  the  Eucalyptus  is  one  of  the  most  important 
sources  of  timber  supply  for  building  ships,  bridges,  agricultural 
implements,  etc.*  The  Tamarack  is  a  tree  suitable  for  growth  in 
wet  situations. 

These  studies  should  be  on  trees  from  the  forest  as  well  as  on 
market  timber. 

Number  of  Tests  to  be  Made,  and  Sizes  to  Test. 

The  number  of  tests  depends  on  the.  uniformity  in  the  timber  of 
each  species  and  upon  the  end  in  view.  If  it  is  desired  to  obtain  the 
strength  values  for  merchantable  timber,  it  would  be  j^robably  neces- 
sary to  test,  say  thirty  sticks  of  each  particular  size  of  each  special 
grade;  thus  thirty  stringers  of  first-class  merchantable  Red  Eir  would 
be  tested,  and  the  same  number  of  second-grade  merchantable; 
twenty  select  stringers  and  twenty  clear  stringers.  This  should  be 
repeated  in  the  case  of  three  or  four  markets. 

If  it  is  desired  to  study  the  effect  of  forest  conditions  on  the 
strength  of  the  fiber  of  a  definite  part  of  a  tree,  or  the  effect  of  varia- 
tions in  the  testing  process,  the  timber  selected  should  contain  as  few 
variables  as  possible,  and  the  number  of  tests  would  naturally  be 
arranged  to  correspond  with  the  quality  of  timber  obtainable.  In 
case  of  these  scientific  tests,  in  which  the  sizes  must  be  chosen  so 
as  to  eliminate,  as  far  as  possible,  other  variables  than  the  one  under 
examination,  it  will  be  necessary  to  use  sizes  of  timber  3x3  ins.  in 
cross-section,  or  thereabouts. 

In  case  of  tests  for  the  purpose  of  obtaining  unit  values,  actual 
sizes  should  in  all  cases  be  tested,  as,  for  instance,  car-sill  sizes, 
stringer  sizes,  roof-truss  sizes,  carriage  stock,  columns,  floor  beams, 

*  Forestry  Bulletin  No.  35,  page  35. 
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Mr.  Hatt.  etc.     The  appropriate  sizes  would  be  quite  diflferent  in  the  eases  of 
Ked  Fir  and  Hickory. 

Quantities  and  Properties  to  be  Determined. 

Some  or  all  of  the  following  properties  will  be  measured,  as  is  ap- 
IDi'opriate  to  the  use  of  the  species: 

Mechanical  properties  of  species. 

1. — Strength, 

2.  —  Stiflfne&s, 

3. — Resilience, 

4. — Hardness, 

5. — Brittleness, 

6. — Penetration  of  definite-sized  punch, 

7. — Abrasive  qualities, 

8. — Turning  qualities, 

9. — Weight  per  cubic  foot. 
Physical  properties. 

1.  ^Shrinkage  and  swelling  and  absorptiveness, 
I  2.  — Identification  by  structure, 

3.—  Identification  by  appearance  of  sawed  lumber. 

The  foregoing  mechanical  and  physical  properties  have  partly  been 
determined  in  the  former  timber  tests.  The  properties  of  brittleness 
and  penetration  under  pressure  will  be  investigated  by  proper  tests. 
The  abrasive  qualities  have  a  bearing  on  the  use  of  wood  for  j)aving 
blocks.  In  many  cases  the  turning  qualities,  under  a  tool  in  the  lathe, 
must  be  known.  Under  the  physical  properties,  the  shrinkage  is  im- 
portant, from  the  point  of  view  of  the  manufacturer.  Engineers  would 
be  glad  to  be  able  to  determine  the  sj)ecies  of  sawed  timber  from  its 
appearance  in  the  lumber  yard. 

There  is  at  present  no  standard  table  of  weights  of  lumber  for  use 
in  settling  disputes  between  manufacturers  and  transportation  com- 
panies, and  an  endeavor  to  formulate  such  a  table  will  be  made. 

Kinds  of  Tests. 

The  kinds  of  tests  to  be  made  in  determining  these  properties  cited 
will  include  a  j)art  or  all  of  the  following : 

Bending. — 

Tiber  stress  at  elastic  limit. 
Modulus  of  rupture, 
Modulus  of  elasticity, 
Modulus  of  elastic  resilience. 
Modulus  of  ultimate  resilience, 
Maximum  horizontal  shearing  stress. 
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Crushing. —  Mr.  Hatt. 

End  of  grain ;  strength,  modulus  of  elasticity, 

Side  of  grain;  yield  point. 
Shearing. — 

Radial,  transverse. 
Torsion. — 
Column  Tests. — 
Hardness.  — 

By  the  width  of  scratch  made  by  a  prescribed  tool  under  a 
proscribed  pressure. 

By  the  width  of  indentation  of  a  prescribed  steel  cylinder. 
Abrasive  Qualities. — 

By  Dorrey  abrasion  machine,  in  which  the  wood  is  ground 
by  an  abrasive  jjowder. 
Turning  Qualities. — 

A  jjiece  is  put  in  the  lathe  and  the  result  i^hotographed. 
Brittleness. — 

Test  beams,  under  impact  tests,  3  x  3  x  36  ins.,  in  size. 

Test  prisms,  under  compressional  impact,  3  x  3  x  36  ins., 
size. 
Shrinkage.  — 

Specimen,  about  3  x  2  x  12  ins. ,  with  sides  parallel  to  radial 
and  transverse  direction. 

The  details  of  tests  which  are  more  interesting  to  experts  in  the 
technique  of  testing  operations,  will  be  presented  for  discussion  before 
the  American  Society  for  Testing  Materials  at  the  meeting  at  Delaware 
Water  Gap,  July  1st  to  4th,  1903.  Some  general  considerations 
may  be  mentioned  here. 

Methods  of  flaking  Shearing  Tests. — Various  methods  of  determining 
the  shearing  strength  have  been  used.  The  difficulty  is  to  obtain  a 
pure  shear  unaccompanied  by  splitting  of  the  test  piece  due  to  bending. 
This  difficulty  is  often  met  in  case  of  double  shear  imder  tension  test. 
The  test  piece  and  method  of  test  are  more  simple  in  compression  than 
in  tension.  Compression  tests,  apparently,  can  only  be  applied  prop- 
erly for  the  determination  of  single  shear.  The  latter  is  more  satis- 
factory, in  that  the  failure  occurs  on  only  one  surface,  and  the  exact 
stress  may  be  determined.  The  shearing  tests  will  be  made  in  com- 
pression in  single  shear.  The  values  obtained  by  shearing  tests  on 
small  pieces  should  be  modified  by  the  results  of  the  tests  on  large 
beams,  for  which  the  shearing  stress  at  the  neutral  axis  should  be  cal- 
culated. 

Method  of  Loading. — ^The  measurement  for  deflections  is  most 
simple  when  the  load  is  applied  at  the  center  of  a  beam.  On  the 
other  hand,  a  larger  portion  of  the  stick  is  brought  under  the  maxi- 
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Mr.  Hatt.  inum  stress  when  tlie  load  is  applied  at  two  points.  In  the  latter  case, 
a  longer  beam  is  necessary,  in  order  to  yield  the  proper  ratio  between 
depth  and  sj)an.  In  the  speaker's  opinion,  the  simplest  method  is  to 
apply  the  load  in  the  center  and  compute  the  bending  moment  at  the 
point  of  failure.  The  loads  are  to  be  applied  continuously  at  a  fixed 
speed. 

Method  of  Making  Cross- Crushing  Tests. — The  former  Government 
tests  were  made  on  sticks  of  definite  section,  and  the  results  give  the 
loads  which  caused  compressions  of  3  and  15%,  respectively.  These 
results  have  little  significance  for  other  sizes  of  timber.  The  method 
planned  will  be  to  apply  loads  in  increments  across  the  stick,  and 
measure  the  accomimnying  defiections  of  the  piece,  in  order  to  deter- 
mine the  load  at  the  yield  point  of  the  timber  under  this  load.  The 
tests  will  be  su^jplemented  by  what  may  be  termed  penetration  tests, 
in  which  the  load  required  to  bring  about  the  penetration  of  a  punch 
of  given  area  to  a  given  depth  will  be  determined. 

Method  of  Making  Impact  Tests. — In  determining  the  relative  brittle- 
ness  of  different  timbers,  the  test  pieces  in  compression  and  bending, 
both  under  transverse  and  actual  loads,  will  be  used.  In  case  of  com- 
pression tests,  the  test  piece,  3x3x6  ins.,  will  receive  blows  of 
increasing  height,  and  the  height  of  blow  at  which  definite  failure 
occurs  will  be  noted.  The  indication  of  failure  will  be  the  wrinkling 
of  the  surface  due  to  the  initiation  of  a  shear.  In  the  bending  test, 
the  energy  required  to  rupture  a  3  x  3  x  36-in.  stick  will  be  measured, 
and  also  the  height  of  blow  required  to  produce  a  set  of  specified 
amount.  These  measurements  will  be  made  on  a  revolving  drum 
which  receives  a  record  from  a  pencil  attached  to  the  hammer.  A  study 
of  the  resilience  of  hardwoods  is  planned. 

Organization. 

The  organization  of  the  timber  tests  presupjjoses  a  central  labora- 
tory at  Washington,  D.  C,  directed  by  the  Bureau  of  Forestry,  and 
other  testing  stations  at  such  points  as  the  Pacific  Coast,  the  Missis- 
sippi Valley  hardwood  centers,  and  the  North  Atlantic  region.  These 
testing  stations  will  be  under  the  direction  and  inspection  of  the 
central  laboratory,  to  which  copies  of  all  data  taken  will  be  sent.  All 
tests  will  be  made  under  uniform  methods  prescribed  in  advance.  At 
each  testing  station  there  mil  be  a  resident  engineer  with  proper 
assistants  to  carry  on  the  work.  The  timber  for  tests  will  be  selected 
by  the  engineer  acting  in  conjunction  with  a  dendrologist  and  an 
experienced  inspector. 

Publication. 

In  the  publications,  the  results  of  tests  on  individual  sticks  will  be 
quoted,  in  all  cases,  and  the  data  presented  in  such  a  way  that  the  user 
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can  determine  the  range  of  results  from  which  averages  are  obtained.  Mr.  Hatt. 
The  data  will  be  marshalled  in  the  form  of  tables  to  suit  the  require- 
ments of  users. 

SUMMAKY. 

To  summarize  the  work  as  planned  at  present,  it  may  be  said  that 
the  following  series  are  under  consideration,  with  a  view  to  prose- 
cution. 

Tests  to  Determine  PROPEBriES  of  Stktjctukal  Timber. 

Series  I.  —  Tests  of  the  Mechanical  and  Physical  Properties  of  Timbei; 
as  Found  o)i  the  Market. — Material  will  be  of  actual  sizes  and  grades  of 
commercial  products.  The  purpose  is  to  determine  moduli  for  design; 
to  determine  the  value  of  Avoods  now  considered  inferior;  to  determine 
the  liability  to  knots,  and  the  reducing  factors  due  to  these;  to  arrange 
a  table  of  standard  weights,  and  rules  of  inspection  and  grading; 
partly  to  compare  the  i^roperties  of  species  from  different  regions. 

Tests  to   Determine  the   Effects  of   Variations  in  the   Testing 

Process. 

Series  II. — Effect  of  Rate  of  Application  of  Load,  Including  Impact 
tests. 

Sei-ies   III.  —  Effect  of  Moisture. 

Studies  of  the  Effect  and  Efficiency  of  Technological  Processes. 

Series    IV. — Presei'vatives. 

Series      V. — Methods  of  Seasoning. 

Series     VI. — Fire  Retard  ants. 

For  Future  Disposal. 
Series  VII. — Effect  of  Forest  Conditions. 

Hermann  von  Schrenk,  Esq.  (by  letter). — With  the  increasing  use  Mr.  von 
of  timber,  preserved  in  one  way  or  another  against  decay  and  fire,  one  Sc^''®°^- 
of  the  most  important  problems  which  has  arisen  of  late  deals  with 
the  eflfect  which  the  preserving  process  has  upon  the  strength  of  the 
preserved  timber.  Many  complaints  have  been  made,  and  these  seem 
to  indicate  that,  for  one  reason  or  another,  preserved  timber  has  not 
the  strength  which  the  same  material  had  before  being  treated  with  a 
preservative.  This  has  been  true,  particularly,  of  creosoted  timber. 
Many  engineers  believe,  from  actual  experience,  that  creosoted  timber 
is  likely  to  be  more  brittle  and  less  capable  of  withstanding  strains 
than  the  same  timber  before  being  treated  with  creosote.  This  is  par- 
ticularly true  with  bridge  timbers  and  piling. 

It  has  been  an  exceedingly  difficult  matter  to  determine,  without 
actual  test,  what  relationship  existed  between  the  preservative  proc- 
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Mr.  von  ess  and  the  supposed  weakening  of   the  timber.     Most  of   the  tests 
Schrenk.  .  . 

'  hitherto  made  with  preserved  timber  have   had   little   actual   value. 

They  were  made,  in  the  majority  of  cases,  in  the  following  way:  Sticks 
of  untreated  timber  were  tested,  and  similar  sticks  of  treated  timber 
were  likewise  tested,  and  the  results  were  compared.  In  many  in- 
stances, these  turned  out  in  favor  of  the  untreated  timber.  The 
reason  why  such  tests  are  unfair  to  the  preservative  is  that  in  the 
process  of  preservation,  one  deals  not  only  with  the  actiial  process  of 
impregnation  with  a  preserving  substance,  but,  also,  in  the  majority 
of  treating  plants  in  the  United  States,  with  preliminary  processes  of 
steam-seasoning.  It  is  very  possible  to  steam  a  piece  of  timber,  sub- 
sequently treated  with  creosote,  to  such  an  extent  that  the  timber 
becomes  exceedingly  brittle.  This,  obviously,  will  be  the  fault  of  the 
steaming,  and  not  ol  the  creosote.  The  Bureau  of  Forestry,  of  the 
United  States  Department  of  Agriculture,  is  now  planning  a  compre- 
hensive series  of  tests  to  determine  the  strength  of  timbers  used  under 
various  conditions,  and  one  of  the  series  of  tests  planned  deals  with 
the  effect  of  preservatives  on  the  strength  and  durability  of  timber. 
While  it  is  not  possible  at  this  time  to  present  a  detailed  plan  for  such 
a  series  of  tests,  it  may  not  be  without  interest  to  the  members  of  this 
Society  to  have  a  brief  outline,  presented  for  discussion  at  this  time, 
as  to  what  the  writer  believes  oiight  to  be  some  of  the  points  to  be 
taken  into  consideration  in  such  a  series  of  tests. 

Timber  preservation,  as  stated  above,  may  be  divided  broadly  into 
three  stages:  First,  the  preliminary  preparation;  second,  the  actual 
preservative  process;  and  third,  the  treatment  of  timber  following 
Ijreservation.  In  each  of  these  stages  the  timber  is  subjected  to  treat- 
ment of  one  kind  or  another,  and  the  final  result,  as  to  strength,  is 
influenced  materially  by  each  of  the  stages. 

Preliminaey  Peepakation. 

The  preliminary  prejjaration  of  timber  for  preservation  must  take 
into  account  the  following  factors: 

1.  The  Time  At  Which  the  Timber  is  Cut. — The  strength  of  timber 
differs  materially,  depending  upon  whether  it  is  cut  in  winter,  spring 
or  summer.  Any  test,  as  to  the  influence  of  a  preservative,  should  be 
made  in  such  a  way  that  the  untreated  and  treated  sticks  are  cut  as 
nearly  as  possible  at  the  same  season  of  the  year,  so  as  to  eliminate 
the  seasonal  factor. 

2.  Seasoning. — Before  the  actual  preservative  process,  the  timber 
is  generally  seasoned  by  one  of  several  methods.  The  method  com- 
monly used  in  Europe  is  to  air-season  it.  In  some  jjlants  kiln-drying 
is  resorted  to.  In  the  United  States,  most  of  the  timber-treating 
plants  use  a  process  of  steam-seasoning.  Careful  tests  should  take 
into  account  the  influence,  particularly  of  kiln-  and  steam-seasoning, 
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on  preservation.  One  of  the  first  series  of  tests  in  connection  with  Mr.  von 
timber  preservation  should  relate  to  the  influence  of  the  following 
factors,  in  connection  with  steam-seasoning  in  particular.  First,  a  test 
should  be  made  to  determine  the  influence  of  subjecting  timber  in  the 
treating  cylinder  to  steaming  for  various  lengths  of  time  with  live 
steam.  Second,  a  similar  series  should  seek  to  determine  the  influence 
of  steaming  at  various  temperatures,  and  this  will  include  steaming 
under  pressure.  Third,  a  similar  series  should  determine  the  influence 
of  steaming,  for  various  lengths  of  time  and  for  various  temperatures, 
with  superheated  steam  in  closed  coils. 

The  tests  with  steaming  are  considered  of  prime  importance,  because 
it  is  believed  that  much  of  the  supposed  weakening  of  timber  by 
preservative  processes  is  due  to  improper  and  excessive  subjection  of 
timber  to  live  steam  in  the  treating  cylinder. 

Presekvative   Processes. 

Tests  as  to  the  direct  influence  of  the  preservative  on  the  strength 
of  various  classes  of  timber  should  be  conducted,  as  far  as  possible, 
with  the  exclusion  of  such  factors  as  have  been  mentioned  above.  In 
other  woi'ds,  in  testing  the  influence  of  zinc  chloride  on  timber,  all 
timbers  tested  should  be  subjected  to  a  similar  amount  of  steaming, 
kiln-drying  or  air-seasoning,  so  that  the  only  factor  to  be  considered 
would  be  the  impregnation  with  the  chloride.  Tests  to  determine  the 
influence  of  preservatives  on  the  timber  should  consider  the  use  of  the 
preservative  in  varying  quantities,  for  it  is  entirely  possible  that  a 
preservative  used  up  to  a  certain  strength  does  not  weaken  the  timber, 
while  excessive  use  may  weaken  it  considerably.  The  following  pre- 
servative processes  should  be  included  in  any  series  of  tests: 

1st. — Zinc  chloride. 

2d.  — Creosote  or  tar-oil,  and  its  various  forms,  such  as  spiritine, 
carbolineum,  etc. 

3d.  — A  combination  of  zinc  chloride  and  creosote. 

4th. — The  Hassellmann  or  Barschall  treatment.  This  process 
will  involve  the  additional  testing  as  to  the  influence  of 
boiling  timber  in  solutions  at  various  temperatures. 

5th. — The  electrical  process  of  timber  treatment,  using  mag- 
nesium sulphate. 

6th. — The  Ferrell  process,  using  various  salts. 

7th. — The  creo-resinate  process. 
In  making  comparative-strength  tests  of  treated  and  untreated 
timbers,  it  will  be  very  desirable  to  eliminate,  as  far  as  possible,  the 
variable  strength  factor  found  in  untreated  wood.  To  this  end,  the 
method  used  during  the  last  year  has  been  found  very  effective.  The 
given  log  was  sawed  into  two  pieces,  one  half  was  treated,  and  the 
other  half  left  untreated.  The  results,  as  to  strength  obtained  after 
the  two   pieces   were   tested,  eliminated  this  variable  factor  almost 
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Mr.  von  entirely,  because  the  two  pieces  came  from  the  same  tree,  and  from 
■  about  the  same  region  in  its  trunk. 

Subsequent  Treatment. 

The  influence  of  drying  or  seasoning  after  treatment,  on  the 
strength  of  timber,  has  not  been  fully  realized.  It  is  believed  that 
kiln-  or  air-drying  treated  timber  will  in  many  instances  increase  the 
strength  of  the  material.  A  series  of  tests  should  be  made  in  order  to 
determine  to  what  extent  subsequent  drying  of  treated  timbers  affects 
the  strength  of  such  material. 

Several  experimental  plants  are  now  under  process  of  construction, 
where  it  will  be  possible  to  measure  accurately  the  time  during  which 
timber  is  steamed  or  impregnated,  the  temperatures  at  which  steam- 
ing or  impregnation  takes  place,  and  also  the  pressure.  Accurate 
scales  are  being  fitted  up  to  weigh  large  timbers,  both  before  and  after 
treatment,  to  determine  the  loss  or  gain  in  weight.  It  is  hoped  that 
the  Society  will  discuss  this  jshase  of  the  timber-testing  question  very 
fully.  Any  suggestions  which  the  members  may  have,  referring  to  the 
foregoing  general  outline,  or  any  new  phases  which  it  would  seem 
desirable  to  consider,  ought  to  be  brought  forward.  The  foregoing 
outline  is  simply  a  general  statement,  which  is  to  be  worked  out  in 
detail  in  the  near  future. 
Mr.  Lanza.  Gaetano  Lanza,  Esq.  (by  letter). — At  the  request  of  Mr.  Pinchot,  a 
proposed  general  outline  for  the  tests  of  timber  to  be  made  by  the  Di- 
vision of  Forestry,  of  theDeiiartment  of  Agriculture,  was  submitted  to 
him  on  June  23d,  1902. 

This  general  outline  is  quoted  in  their  printed  circular,  beginning 
on  page  3,  and  ending  on  page  8,  and  will  not  be  repeated  here;  but 
the  following  topics  will  be  discussed,  viz. : 

1. — Some  general  remarks  on  testing  timber,  including  the  im- 
portance of  making  the  tests  upon  such  sizes,  and  such 
kinds  of  timber,  as  are  used  by,  or  are  useful  for,  engineers, 
and  under  the  conditions  of  practice,  especially  as  regards 
knots,  ci-acks,  crooked  grain,  and  other  defects. 
2. — Criticism  of  the  work  performed  upon  this  subject  by  the 
Division  of  Forestry,  between  1891  and  1896,  which  was 
published  in  "  Timber  Physics,"  Volume  II. 
3. — The  value  and  importance  of  the  tests  proposed  in  Series  I, 

page  1,  of  the  circular. 
4. — Remarks  upon  certain  portions  of  the  circular. 


1. — It  is  evident  to  every  engineer  that  the  timber  beams  used  in 
practice  are  very  rarely  2x2  ins.  in  section,  that  4  x  12  ins.,  6  x  12  ins., 
7  X  16  ins. ,  and  larger,  are  sizes  in  common  use,  and  that  these  latter 
may  properly  be  called  full-sized  pieces. 
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It  is  also  plain,  to  anyone  wlio  uses  timber  in  building,  that  full-sized  Wr.  Lanza, 
pieces  contain  knots,  cracks,  crooked  grain,  and  other  defects,  which 
would  not  be  tolerated  in  the  2  x  2-in.  pieces  which,  in  the  olden  time, 
were  used  so  extensively  for  tests,  the  results  of  which,  as  is  well 
known  to-day,  do  not  furnish  any  constants  suitable  to  use  in  design- 
ing timber  structures. 

Indeed,  for  any  one  kind  of  timber,  the  greatest  influence  upon  its 
resisting  powers  is  exerted  by  the  defects  stated,  and  their  efltect 
is  even  greater  than  that  of  the  percentage  of  moisture,  or  degree  of 
seasoning,  though  this  latter  ranks  next  in  importance. 

Anyone  who  has  tested  a  considerable  number  of  full-sized  tim- 
ber beams,  and  has  attempted  to  estimate  beforehand  their  strength 
and  compare  his  estimate  with  the  facts,  will  be  thoroughly  convinced 
of  the  truth  of  the  statements  made  above. 

Indeed,  the  writer  knows,  from  personal  experience,  in  the  case  of 
Si3ruce,  that  a  careful  consideration  of  the  knots,  cracks,  croi  ked 
grain,  and  other  visible  defects  will  enable  one  who  takes  pains  to 
keep  himself  in  practice  to  predict  the  breaking  strength  of  such  a 
4  X  12-in.  beam  within  about  &%,  the  degree  of  dryness  being  con- 
sidered only  to  such  an  extent  as  can  be  judged  by  the  eye. 

In  the  light  of  the  above,  it  is  plain  that  any  experimental  study  of 
the  resisting  properties  of  timber  which  does  not  take  these  things 
into  account  is  wholly  unsuited  to  furnish  such  information  as  the 
engineer  needs.  Hence  the  only  tests  from  which  we  can  hojje  to 
derive  information  of  value  are  those  on  full-sized  pieces. 

In  making  such  tests,  we  are  brought,  at  once,  to  a  realization  of 
the  fact  that  there  is  a  great  variation  between  different  pieces  of  the 
same  lot,  all  suitable  for  use,  the  strongest  being  often  three  times  as 
strong  as  the  weakest.  In  practice,  therefore,  when,  as  is  usual  at 
the  present  time,  the  entire  lot  is  used  indiscriminately,  the  constants 
used  in  designing  should  be  very  considerably  below  the  average 
values. 

If  the  time  should  ever  come  when  the  engineer  makes  a  selection 
between  different  beams  or  columns  of  the  same  kind  of  timber,  that 
selection  will  be  made  mainly  upon  the  basis  of  the  knots,  cracks, 
crooked  grain,  and  other  defects,  while  the  determination  of  the  actual 
strength  will  also  involve,  to  some  extent,  a  consideration  of  the  pei-- 
centage  of  moisture. 

2. — As  to  the  report  of  the  work  done  upon  Long-Leaf  Yellow  Pine, 
under  the  auspices  of  the  Division  of  Forestry,  between  1891  and  ISrO, 
the  results  of  which  were  published  in  "  Timber  Physics,"  Volume  Ix, 
the  following  observations  should  be  made: 

a. — By  far  the  greater  part  of  the  work  was  performed  upon  small 
pieces,  and  the  attempt  was  made  to  imitate  that  portion  of  the  Munich 
tests  which  was  made  upon  small  pieces.  Inasmuch  as  these  results 
do  not  furnish  values  suitable  for  use,  they  will  not  be  disciissed  here. 
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b. — The  only  results  published  in  that  volume  which  were  obtained 
from  tests  of  full-sized  pieces  may  be  said  to  be  of  twenty-five  beams 
from  nine  trees,  all  from  one  locality,  if  we  call  4  x  8-in.  pieces  full- 
sized;  otherwise  they  include  only  seven  beams  from  four  trees. 

The  number  of  tests  and  of  trees  was  wholly  inadequate  to  justify 
the  drawing  of  conclusions  of  value  to  the  engineer,  even  if  the  tests 
had  been  made  correctly. 

c. — The  testing  machine  used  did  not  weigh  correctly,  on  account 
of  the  friction  of  the  cup-leather  packings;  and,  whereas,  after  this 
had  been  criticized  severely.  Professor  Johnson  changed  the  construc- 
tion of  the  machine  to  that  shown  in  his  book,  "  Materials  of  Con- 
struction," nevertheless,  the  results  on  full-sized  pieces  were  all 
obtained  with  the  incorrect  machine. 

d. — Pains  were  not  taken,  in  the  determination  of  the  moisture,  to 
make  sure  that  the  percentage  contained  in  the  pieces  tested  for  this 
purpose  was  really  the  average  of  that  in  the  entire  beam. 

e. — Therefore,  it  seems  to  the  writer  that  the  results  of  the  tests  pub- 
lished in  "  Timber  Physics,"  Volume  II,  do  not  furnish  such  informa- 
tion as  is  needed  by  the  engineer,  and  that,  therefore,  in  the  new  tests, 
advantage  cannot  be  taken  of  any  of  those  results. 

/. — In  Circular  No.  15,  of  the  Forestry  Division,  no  details  are 
given,  and  hence  it  is  presumable  that  the  tests  there  reported  were 
made  in  a  manner  similar  to  those  reported  in  "Timber  Physics," 
Volume  II. 

3. — Tests  of  the  character  described  on  pages  2  and  9  of  the 
circular,  under  the  heading  Series  I,  are  of  very  great  importance,  as 
they  will  serve  to  furnish  quickly  the  information  most  needed  by 
engineers,  i.  e. ,  the  constants  (compressive  strength,  modulus  of 
rupture,  and  modulus  of  elasticity)  that  can  be  depended  upon  in 
any  one  kind  of  timber.  For  this  purpose,  of  course,  pieces  of  various 
qualities  should  be  selected,  including  some  of  the  poorest  that 
would  be  suitable  to  use  in  construction.  Indeed,  the  above  is  the 
character  of  the  greater  part  of  the  tests  on  full-sized  timber  that 
have  been  made  in  the  writer's  laboratory,  especially  upon  Spruce, 
Yellow  Pine,  and  White  Oak,  as  well  as  upon  a  few  other  kinds. 

In  the  case  of  timber  bought  at  the  lumber  yards,  very  little 
information,  if  any,  can  be  obtained  regarding  its  growth,  seasoning, 
etc. ;  but,  even  without  such  information,  we  can  obtain  values  for 
ready  use  for  a  number  of  kinds  of  wood,  which  would  serve  a  very 
useful  purpose. 

4. — The  writer  will  now  discuss  a  few  of  the  matters  which  are 
referred  to  in  the  circular,  and  which  need  some  comment. 

a.  The  circular  does  not  contain  any  proposition  for  the  making 
of  time  tests  upon  full-sized  beams,  a  matter  of  very  great  importance. 
Tests  of  this  chai'acter  should  be  made  at  every  station,  in  order  to 
determine  the  effect  upon  all  the  constants,  of  subjecting  the  pieces  to 
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load  for  a  long  period.     In  tlie  writer's  laboratory,  siicli  tests  have  Mr.  Lanea. 
been  carried  on  for  periods  varying  from  about  five  months  to  about 
three  years. 

b. — The  two  schemes  for  moisture  determination,  mentioned  in  the 
writer's  outline,  are  not  adapted  to  the  separation  of  the  volatile  oils 
from  the  moisture,  a  matter  of  much  importance. 

The  method  proposed  in  the  circular,  for  separating  the  two,  will 
be  a  proper  one,  provided  it  can  be  shown  that  the  three  discs  chosen 
in  the  manner  described  represent  fairly  the  percentage  of  moisture 
in  the  entire  beam. 

The  only  way  to  settle  this  question  is  to  make  a  preliminary 
investigation,  to  determine  how  (if  at  all)  any  discs  can  be  chosen 
which  will  represent  fairly  the  quality  of  the  piece  as  to  moisture.  If 
the  result  of  such  an  investigation  should  show  (as  the  writer  is 
inclined  to  think)  that  such  discs  do  not  represent  fairly  the  entire 
beam,  then  a  proper  method  to  be  pursued  would  be  the  following: 

Determine  the  percentage  of  volatile  oils  in  a  set  of  three  discs. 

Determine  the  percentage  of  volatile  matter  in  a  set  of  three  ad- 
jacent discs. 

Determine  the  percentage  of  volatile  matter  in  the  beam  from  the 
remainder  of  the  beam  (/.  e. ,  all  except  the  six  discs  mentioned  above), 
by  the  first  of  the  two  methods  given  in  the  writer's  outline. 

Determine  the  percentage  of  volatile  oils  in  the  beam  by  proportion. 

c. — The  tests  for  compression  across  the  grain  should  be  much 
more  extensive  than  those  projjosed  in  the  circular,  in  order  to 
furnish  information  of  value.  They  should  include  a  considerable 
range  of  ratio  of  length  to  diameter  of  the  pieces  to  be  tested. 

d. — It  may  be  well  to  mention  a  few  minor  matters,  as  follows: 

a. — The  writer  does  not  believe  that  the  yield  point  of  timber,  even 
if  it  exists,  can  be  found  with  sufiicient  accuracy  to  make  the  results 
of  any  value. 

(3. — From  the  transverse  breaking  load,  the  modulus  of  rupture  can 
be  calculated,  but  not  the  extreme  fiber  stress  at  fracture. 

;'. — It  seems  to  the  writer  at  least  doubtful  whether  deflections  can 
be  obtained  with  sufiicient  accuracy,  if  the  load  is  to  be  increased 
continuously. 

*Eeferring  to  Mr.  Johnson's  remarks  in  reply  to  the  writer's, 
regarding  the  former  timber  tests  of  the  Division  of  Forestry,  no 
comments  will  be  made  under  the  headings  [a),  (e)  or  (/),  as  it  would 
seem  that  they  have  been  fully  answered  in  the  remarks  of  Professor 
Hatt. 

Having  already  stated  that  an  experimental  investigation  is  needed, 
in  order  to  ascertain  the  best  method  of  determining  the  percentage  of 
moisture,  no  further  comment  will  be  made  on  [d). 

*  These  remarks  added  by  Professor  Lanza  after  reading  Mr.  Johnson's  additional 
discussion. 
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Mr.  Lanza.  In  regard  to  {h)  and  (c)  the  remark  will  be  made,  that  it  was  in  Sep- 
tember, 1895,  that  the  writer  was  informed  verbally  by  Professor  J.  B. 
Johnson,  that,  in  consequence  of  criticisms  by  the  writer,  and  presum- 
ably by  others,  he  (Professor  Johnson)  had  been  led  to  recalibrate  his 
machine,  and,  finding  it  in  error,  had  made  the  change  mentioned  by 
Mr.  A.  L.  Johnson,  for  the  purpose  of  avoiding  packing  friction. 
Indeed,  the  change  does  not  appear  to  have  been  made  until  some 
time  after  making  the  tests  which  were  reported  in  Timber  Physics, 
Vol.  II,  published  in  1893. 

A.  L.  Johnson,  M.  Am.  Soc.  C.  E. — While  the  speaker  has  had  very 
little  to  do  with  timber  since  1895,  except  in  the  way  of  false-work 
construction,  bis  former  connection  with  the  Government  tests,  during 
a  pei'iod  of  two  and  one-half  years,  aroused  in  him  an  interest  in  tim- 
ber physics  which  has  not  yet,  and  he  trusts  will  never  be,  abated. 

In  the  old  days,  we  had  much  enthusiasm,  but  little  money.  Now, 
the  sjjeaker  understands,  they  have  much  enthusiasm  and  much 
money.  No  more  auspicious  circumstances  could  be  devised,  and 
great  results  may  be  expected.  In  the  spring  of  1895  there  were  some 
discussions  relative  to  the  formulation  of  a  broad  and  comijletely  com- 
prehensive scheme,  embracing  the  whole  field  of  timber  investigation, 
but,  before  anything  had  been  done  along  this  line,  the  appropriation 
ran  out,  and  the  speaker's  connection  with  the  Division  of  Forestry 
ceased;  and,  as  far  as  he  knows,  no  small-scale  drawing  of  the  whole 
field  has  ever  been  made. 

Yet  this  is  absolutely  essential,  not  to  the  end  that  we  may  begin  at 
the  beginning  and  carry  everything  before  us  as  we  go,  but  for  exactly 
the  opposite  reason;  so  that  we  may  make  investigations  here  and 
there,  as  exigencies  may  demand,  or  as  suits  our  convenience,  feeling 
comfortable  in  the  assurance  that  each  step  made  leaves  one  less  to 
make,  whatever  the  order  in  which  taken.  In  the  making  of  appar- 
ently entirely  disconnected  investigations,  the  fields,  nevertheless, 
will  overlap,  and  these  jjortions  will  be  done  twice,  and  perhaps  many 
times. 

In  the  speaker's  estimation,  therefore,  the  thing  to  be  done  now  is 
for  the  Forestry  Bureau  to  prepare  an  outline  scheme  of  all  possible 
lines  of  investigation  which,  by  our  jjresent  knowledge,  would  indi- 
cate any  profitable  return.  No  doubt  the  Bureau  would  be  glad  to 
receive  suggestions  for  such  a  scheme,  and  the  speaker  has  the 
temerity  to  present  one  herewith  for  consideration.  He  does  not 
regard  it  as  satisfactory ;  in  fact,  it  is  extremely  improbable  that  a  sat- 
isfactory scheme  could  be  prepared  by  any  one  man;  and  certainly  none 
should  be  adopted  except  after  extensive  discussion  by  technical  experts. 

With  a  general  plan  for  the  whole  work,  the  Bureau  would  then  be 
in  a  position  to  receive  suggestions  from  engineers,  architects,  manu- 
facturers and  others  as  to  the  necessity  for  immediate  information 
along  certain  lines. 
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When  we  begin  to  consider  the  whole  field  of  timber  investigation,  Mr.  Johnson, 
abont  the  first  thing  we  realize  is,  that  engineers  are  not  the  only  ones 
nsing  timber,  though,  undoubtedly,  they  are  the  most  strenuous  in 
their  demands.     ELrst  of  all,  then,  it  becomes  necessary  to  classify  the 
uses  of  timber,  and  the  speaker  suggests  the  following  segregation: 

Uses  of  Timbek. 
Utilitarian. 

Framed  structures. 

Piles. 

Ties. 

Tanks. 

Walks. 

Boxes,  cases,  etc. 

Implements,  tools,  utensils,  etc. 

Instruments. 

Vehicles. 

By-products. 

Esthetic. 

Finish. 

Furniture. 

Musical  instruments. 

With  regard  to  the  classification  of  the  headings  in  the  investiga- 
tion scheme  given  in  Table  No.  1,  a  few  words  of  introduction  may 
not  be  out  of  place. 

The  eventuality  hoped  for  is  that  we,  or  rather  our  children's 
grand-children,  may  be  able  to  grow  timber  for  a  given  purjiose. 
This  naturally  suggests  two  main  divisions  in  the  investigation,  one  to 
determine  the  best  uses  of  the  timber  we  have,  the  other  to  find  out 
how  to  produce  what  we  would  like  to  have.  The  first  the  speaker 
calls  "  Utdization,"  the  second  "Cultivation."  These  divisions  are 
shown  in  Table  No.  1 ;  the  sub-headings  are  self-explanatory. 

Of  the  "  Utilization  "  part  of  this  scheme,  practically  the  whole 
value  will  be  summed  up  in  the  commercial  consideration  as  to  the 
most  suitable  timber  and  treatment  for  different  purposes.  The  value 
of  the  second  part  is  comprised  in  the  determination  of  the  relation 
between  site  conditions  and  anatomical  structure,  enabling  us  to  lo- 
cate forests  where  the  trees  will  develop  the  desired  qualities  if  prop- 
erly cared  for. 

As  may  be  inferred  from  the  foregoing,  the  speaker  does  not  ap- 
prove of  Series  No.  1  of  the  scheme  proposed  by  the  Bureau,  inas- 
much as  all  tests  made  on  timber  bought  in  the  open  market  will  be 
wholly  lost  as  far  as  the  correlation  with  site  conditions  is  concerned. 
This  he  deems  to  be  a  waste  of  time  and  money,  not  offset  by  any  im- 
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Mr.  Johnson,  mediate  advantage.     In  many  cases  the  Bureau  officials,  themselves, 
would  be  unable  to  tell  what  kind  of  timber  was  being  tested. 


TABLE  No.  1. 
TiMBEK  Physics. — Genekal  Scheme  of  Investigation. 


Utilization. 

Physical  Gonsideraiions. 

Size  of  log. 

Age  of  log. 

Size  of  test  piece. 

Bate   of    growth    (aver- 
age). 

Position    in     cross-sec- 
tion. 

Position  above  ground. 

Seasoning  processes. 
I  Preserving  processes. 

Artificial  compositions. 

Fire  retardauts. 

Moisture. 

Oils. 

Defects. 

Liabilitv  to  diseases. 


f   Cross-breaking  strength. 
Crushing  strength,  endwise. 
Crushing  strength,  across  grain. 
Penetration. 
Tensile  strength. 
Shearing  strength. 
Resilience. 

Load  with  no  initial  velocity. 

Load  with  initial  velocity. 
Resonance. 
Polish. 
Finish. 

Paint. 

Stain. 

Varnish. 
Shrinkage  or  swelling. 
AVeight. 
Length  of  life, 
[   Chemical  qualities. 


Commercial  Considerations. 
Cost. 

Present  and  prospective  supply. 
Reliability  or  uniformity  of  grade. 
Characteristics  by  which  wood  may  be  identified. 
Rules  of  inspection. 

Relative   suitability  of   different   woods   and   treatments 
different  purposes. 


for 


Cultivation. 

Botanical  Considerations. 

Anatomical  structure  correlated  with 


Physical  properties. 
Site  conditions. 


Commercial  Considerations. 

Placing  forests  for  most  suitable  site  conditions. 
Directing  the  use  of  timber  so  as  to  avoid  needless  waste. 
Apportioning  forests  according  to  needs. 
Harvesting  for  perijetual  service. 
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Series  II  to  VI  are  necessary,  but  should   all  be  made  on  material  Mr 
whose  site  conditions  are  known.     A  series  on  fire  retardants  might 
also  be  profitably  added. 

With  regard  to  Series  VI,  the  speaker,  just  before  leaving  the  For- 
estry Division,  had  planned  an  investigation  which  it  was  thought 
would  give  the  resilience  of  the  material  under  loads  applied  with  in- 
itial velocity.  It  was  at  that  time  considered  impracticable  to  meas- 
ure the  energy  of  the  blow  directly,  on  account  of  the  large  number 
of  ways  in  which  the  effect  of  the  blow  was  dissipated,  rendering  it 
impossible  to  determine  just  how  much  was  absorbed  by  the  speci- 
men itself. 

It  was  proposed  to  turn  rods,  say  1  in.  in  diameter  and  3  ft.  long, 
rounded  at  the  ends,  all  at  the  same  condition  of  moistui-e,  and,  strik- 
ing them  on  the  end  with  a  hammer,  determine  the  pitch  of  the  note 
produced.  This  note  results  from  waves  set  up  within  the  piece,  and 
its  pitch  really  represents  the  rate  of  transmission  of  stress  through 
the  siDecimen.  A  wood  giving  a  high  note  would  undoubtedly  have  a 
great  impact  resilience.  Incidentally,  this  series  might  have  been  of 
considerable  value  to  manufacturers  of  musical  instruments. 

Series  VI  should  be  made  to  include  constant  loads.  An  investi- 
gation of  this  sort  was  made  in  the  former  tests,  whereby  it  was  found 
that  one -half  the  load  required  to  break  a  beam  in  a  few  minutes  would 
do  so  in  an  infinite  time.  But  the  series  was  very  limited  in  scope,  it 
being  started  only  a  short  while  before  the  work  was  stopped. 

With  regard  to  the  old  series  of  tests,  the  speaker  believes  they 
may  be  taken  as  conclusive,  as  far  as  the  relative  strength  of  Piuus 
Palustris,  Pinxs  Echinata,  Pinus  Cubeitsis  and  Pinus  Tceda  are  con- 
cerned ;  but  not  conclusive  with  regard  to  the  other  woods,  nor  as  to 
methods  of  treating  timber;  except  as  to  the  bleeding  of  the  Pines. 

The  details  of  execution  of  the  Bureau's  proposed  scheme  leaves 
little  to  be  desired.  In  the  speaker's  opinion,  however,  there  are  one 
or  two  points  needing  more  careful  handling. 

The  method  of  obtaining  the  moisture  contents  by  cross-section 
disks,  although  used  in  the  first  tests,  and  while  fairly  satisfactory  for 
all  kinds  of  tests  except  on  beams,  is  not  satisfactory  for  the  latter. 
Especially  would  this  be  true  of  large  beams,  or  beams  of  varying 
size.  The  reason  for  this  is  that  the  interior  of  the  beam  usually  con- 
tains more  moisture  than  the  outside,  so  that  the  ordinary  stress-strain 
curve  of  the  timber  is  modified  by  the  varying  influence  of  the  moisture 
contents.  The  average  moisture  of  the  section,  therefore,  is  likely  to 
be  much  in  error,  as  far  as  the  influential  moisture  contents  near 
the  surface  are  concerned.  This  would  make  it  difficult  to  compare  re- 
sults on  large  and  small  specimens.  The  large  beams  would  show 
greater  strength,  relatively,  than  they  really  would  have. 

A  satisfactory  comparison  could  probably  be  obtained  if  the  beams 
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Mr.  Johnson,  were  all  made  of  tlie  same  size,  with  a  separate  series  to  determine  tlie 
influence  of  size,  as  was  done  in  the  first  investigation.  But  a  better 
method  of  obtaining  moisture  contents  should  be  devised.  The 
speaker  believes  this  can  be  done  by  cutting  the  disks  in  slices  parallel 
to  the  neutral  axis  and  giving  weight  to  the  diiferent  percentages  in 
the  different  pieces  in  proportion  to  their  distance  from  the  neutral 
plane.  At  any  rate,  this  should  be  done  until  it  is  determined  that  the 
method  alters  the  results  too  slightly  to  be  worth  the  trouble.  But 
a  very  slight  change  in  moisture  makes  a  large  change  in  stress  at 
the  low  percentage  for  kiln-dried  material,  and  the  speaker  believes 
there  will  be  a  considerable  difference  in  results  shown  by  this 
method. 

If,  for  beams,  the  old  disk  method  is  jaoor,  the  method  of  obtain- 
ing the  moisture  contents  by  weighing  the  whole  stick  is  very  much 
worse.  The  moisture  in  the  ends  of  a  beam  cuts  practically  no  figure 
in  the  result,  but  would,  by  such  a  method,  be  given  as  much  weight 
as  that  in  the  middle. 

The  Bureau,  however,  has  not  seriously  considered  the  adoption  of 
the  above  suggestion. 

The  speaker  would  counsel  small  minor  tests  and  many  of  them, 
making  size,  with  associated  defects,  a  separate  investigation,  as  shown 
in  his  scheme.  The  reason  for  this  is  that,  do  what  we  will,  there  are 
many  more  unknown  quantities  than  equations  in  such  work,  so  that 
results  can  only  be  obtained  by  a  large  number  of  tests.  If  we  increase 
the  number  of  variables  we  must  increase  the  number  of  tests  in  an, 
at  least,  equal  proportion. 

To  use,  as  a  minimum  unit,  beams  4  x  12  ins.  x  14  ft.  would  about 
double  the  variables,  as  compared  with  what  they  were  with  the 
original  beams,  4x4  ins.  x  6  ft. ;  hence  it  would  take  about  twice  as 
many  of  the  larger  beams  as  of  the  smaller  ones  to  be  able  to  draw 
scientific  conclusions  of  equal  value  regarding  the  strength  of  difi'erent 
species.  In  other  words,  it  would  take  fourteen  times  as  much 
timber  for  the  large  tests  as  for  the  smaller  ones,  to  obtain  the  same 
accuracy. 

The  circular  states  that  it  is  proposed  to  load  the  beams  in  the 
middle.  This  is  a  poor  method  for  anything  but  the  most  homoge- 
neous material.  It  compels  a  break  at  a  certain  point,  whereas  the 
desire  may  be  to  break  at  a  difi'erent  point.  The  results,  therefore,  are 
too  high.  This  was  all  threshed  out  in  the  original  investigation,  and 
it  was  found  much  better  to  have  a  uniform  bending  moment  for  some 
distance  (12  ins.  was  used)  in  the  middle. 

The  speaker,  not  being  at  present  a  user  of  much  timber,  will  leave 
it  to  those  who  are  to  suggest  the  important  parts  of  the  general 
scheme  requiring  immediate  investigation.  But  there  is  one  sugges- 
tion he  would  like  to  make  to  the  Bureau,  and  that  is  that  they  pre- 
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pare  a  handbook,  of  pocket  size,  for  tlie  identification  of  timber,  and  of  Mr.  Johnson, 
trees  in  both  summer  and  winter. 

Every  engineer  would  feel  the  value  of  such  a  book.  Of  what  service 
to  him  is  it  for  the  Department  to  say  that  one  kind  of  wood  is  much 
better  than  another  for  certain  purposes,  when  he  is  unable  to  tell 
whether  or  not  he  gets  it  ? 

The  speaker  remembers  some  of  the  results  on  shear  in  beams  ob- 
tained in  the  first  investigation.  Some  of  the  largest  beams  failed  by 
shearing  along  the  neutral  plane,  having  become  case-hardened,  as 
they  say,  by  drying  too  rapidly  and  hence  checking  badly;  being  a 
case  which  is  likely  to  occur  very  often  in  practice.  They  were  of 
Long-leaf  Pine,  and  failed  at  about  150  to  200  lbs.  per  square  inch, 
whereas  the  small-sized  shearing  sjaecimens  of  that  wood  would  have 
shown  a  shearing  strength  of  from  600  to  700  lbs.  per  square  inch;  and 
the  tables  which  were  prepared  by  the  Forestry  Bureau,  in  Bulletin 
No.  12,  cautioned  a  much  greater  factor  of  safety  in  big  beams  than  in 
small  beams,  on  that  account. 

The  speaker  would  never  design  a  large  beam  to  take  more  than 
about  100  lbs.  per  square  inch  of  shearing  stress  along  the  neutral 
plane.  This  was  one  reason  why,  in  the  Bureau's  design  of  timber- 
trestle  bridges,  corbels  were  used,  as  the  bolts  running  through  the 
corbels  at  the  ends  of  the  stringer  would  assist  it  in  increasing  the 
shearing  strength  at  that  point. 

*Referring  to  Professor  Lanza's  statement  in  regard  to  the  former 
timber  tests,  the  writer  submits  the  following: 

a. — By  far  the  greater  portion  of  the  work  was,  as  he  says,  per- 
formed upon  small  pieces,  which  he  rejects  as  being  of  no  service, 
as  the  values  are  not  representative  of  practical  conditions.  The 
writer  would  take  issue  with  him  upon  this  point,  the  respective 
positions  being  arrived  at  from  totally  different  points  of  view  con- 
cerning the  functions  of  the  United  States  Government  in  work  of 
such  character.  The  writer's  position  is,  that  the  United  States  Gov- 
ernment would  not  be  warranted  in  spending  money  to  determine  the 
strength  qualities  of  ordinary  merchant  timber  for  the  comj)aratively 
few  peoi^le  who  would  be  interested  in  the  results.  To  obtain  these 
factors  alone  involves  no  particular  diflficulty,  and  no  work  of  such  a 
high  grade  as  could  not  be  found  in  the  engineering  force  of  any  rail- 
way system  of  the  United  States. 

The  real  problem  of  timber  investigation  is  the  correlation  of 
physical  qualities  with  site  conditions,  in  order  to  know  how  to  grow 
a  given  timber  for  its  most  satisfactory  uses.  Such  a  problem  involves 
a  thorough  knowledge  of  engineering,  botany  and  forestry,  thousands 
of  tests,  and  years  of  study,  but  has  in  view  a  benefit  to  the  majority 

*  This  part  of  Mr.  Johnson's  discussion  was  written  after  reading  the  discussions 
by  Messrs.  Hatt,  von  Schrenk,  Lanza  and  Russell. 
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Mr.  Johnson,  of  the  citizens  of  the  United  States.  Such,  only,  is  the  character  of 
investigation  warranted  on  the  part  of  the  United  States  Government. 
But,  with  a  scheme  prepared  along  such  lines,  it  would  easily  be 
possible  to  make  isolated  investigations  designed  for  the  j^articular 
benefit  of  a  limited  number  of  people,  the  results  being  taken  in  such 
a  way  as  would  enable  them  to  form  a  part  of  the  general  scheme. 
Accepting  this  view,  it  is  seen  at  once  that  the  number  of  variables 
must  be  reduced  to  a  minimum  in  any  given  piece,  because  the  values 
of  the  different  variables  must  be  known.  For  example,  while  the 
first  beam  test  might  be  made  on  a  large  timber,  it  would  then  be 
necessary  to  cut  up  this  piece  into  many  small  i^ieces,  and  ascertain 
the  influences  of  size,  defects  and  location  in  the  tree. 

h  and  c. — Professor  Lanza  states  that  the  large  beams  tested  in  the 
first  investigation  were  too  few  in  number  to  warrant  broad  or  reliable 
conclusions,  especially  as  the  weighing  device  of  the  beam  machine 
was  inaccurate. 

The  writer  was  in  charge  of  the  work  at  the  laboratory,  and  most 
of  these  tests  were  made  by  him.  The  beam  had  been  calibrated  by  a 
set  of  helical  springs,  and  the  weighing  was  done  on  the  first  few 
beams,  at  some  distance  away,  on  a  100  000-lb.  Riehle  machine;  but,  as 
it  was  very  quickly  discovered  that  there  was  considerable  friction  in 
the  packing,  which  might  lead  to  erroneous  results,  a  platform  scale 
was  inserted  under  one  end,  and  most  of  the  beams  were  tested  in  this 
manner,  in  which  there  could  be  no  doubt  as  to  the  accuracy  of  the 
load. 

Of  course,  it  is  true  that,  except  for  the  cost,  it  would  have  been 
very  desirable  to  have  had  a  greater  number  of  full-sized  beams  tested, 
^nd  it  had  always  been  a  part  of  the  general  scheme  of  investigation, 
but,  at  the  time,  sufficient  money  was  not  available. 
d. — Professor  Lanza  here  says  that: 

"Pains  were  not  taken,  in  the  determination  of  the  moisture,  to 
make  sure  that  the  percentage  contained  in  the  pieces  tested  for  this 
purpose  was  really  the  average  of  that  in  the  entire  beam." 

If  the  moisture  in  the  pieces  tested  had  represented  the  average  for 
the  entire  beam,  no  indication  whatever  could  have  been  obtained  as 
to  the  influence  of  moisture  on  the  strength  of  the  piece.  In  such 
beams  there  is  moisture  which  has  an  influence  on  the  strength,  and 
moisture  which  has  no  influence  on  the  strength,  and  by  far  the  larger 
percentage  of  moisture  in  the  beam  is  of  the  latter  character.  The  in- 
fluential moisture  is  the  percentage  contained  adjacent  to  the  points 
of  maximum  stress,  which  are  in  the  extreme  fibers  at  the  sections  of 
maximum  moment.  The  writer  has  heretofore  suggested  a  method  of 
obtaining  the  moisture  for  the  large  beams,  which  method  would  give 
the  greatest  disagreement  with  the  average  percentage,  and  yet,  in  his 
estimation,  far  more  reliable  results,  as  to  the  true  influence  of  the 
moisture,  than  the  scheme  suggested  by  Professor  Lanza. 
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e. — Naturally,  the  writer  does  not  aj^ree  with  Professor  Lanza  when  Mr.  Johnson. 
he  states  that  it  would  not  be  advisable,  for  the  new  series  of  tests, 
to  accept  the  data  hitherto  published,  but  that  it  will  be  necessary  to 
cover  this  ground  again. 

All  the  tests,  except  those  on  a  few  of  the  large  beams  to  which 
reference  has  been  made,  were  made  in  a  most  accurate  manner,  and 
were  planned  as  a  j)art  of  a  general  scheme — not  formulated,  but 
held  in  mind— along  the  lines  of  the  tables  above  given;  and  any  of 
these  results  can  be  used  to-day  or  a  hundred  years  from  now,  as  a 
part  of  such  a  broad  and  comprehensive  scheme,  all  the  site  condi- 
tions of  growth  being  known,  and  a  botanical  analysis  made  of  the 
whole.  They  are  in  value,  to  the  results  that  would  be  obtained  in 
the  Bureau's  Series  I,  as  are  the  astronomical  results  of  a  transit  of 
Venus  expedition  to  a  boy's  observations  through  smoked  glass. 

/. — Circular  No.  15,  of  the  Forestry  Division,  was  prepared  after 
the  writer's  connection  with  the  Department  ceased,  and  if  the  results 
referred  to  ia  this  circular  were  obtained  as  were  those  reported  in 
previous  publications,  they  will  be  found  to  furnish  scientific  informa- 
tion of  a  high  order,  when  a  jaroper  study  of  the  subject  has  been 
inaugurated. 

S.  Bent  Russell,  M.  Am.  Soc.  C.  E. — If  it  is  proper  to  speak  of  Mr.  Russell, 
matters  of  detail,  in  discussing  this  subject,  the  speaker  would  like  to 
oflfer  one  or  two  suggestions  which  seem  to  be  practical. 

In  the  tables  of  strength  of  beams,  published  since  the  Government 
investigation  was  started,  the  strength  of  short  beams  is  given  as 
being  independent  of  the  length.  That  is,  when  the  length  is  short 
in  comparison  to  the  depth,  the  central  breaking  load  of  the  beam 
would  be  independent  of  the  length. 

It  has  been  shown,  of  course,  that  in  the  case  of  a  beam  which  fails 
by  shear  along  the  neutral  axis,  the  theoretical  breaking  load  is  the 
same  for  different  lengths  when  the  cross-section  is  the  same.  The 
speaker,  however,  has  seen  no  experimental  data  which  would  be  of 
use  in  the  actual  designing  of  beams  of  this  character.  To  make  the 
point  clear,  suppose  we  have  a  wooden  beam,  16  ins.  deep  and  having 
a  clear  sjian  of  6  ft.,  loaded  at  the  center.  How  should  the  breaking- 
load  be  determined?  From  the  published  tables,  such  a  beam  would 
not  carry  any  more  than  a  similar  beam  of  12  ft.  clear  span  loaded  at 
the  center.  It  seems  quite  probable,  however,  that  the  shorter  beam 
would  really  sustain  a  greater  load.  The  actual  length  of  the  former 
beam  would  be  somewhat  more  than  6  ft.,  to  provide  proper  end  bear- 
ings; and  the  load,  in  practice,  would  have  to  be  distribiited  enough 
to  i^revent  local  crushing.  These  conditions  would  almost  certainly 
affect  the  tendency  to  shear  along  the  neutral  axis.  It  is  not  unlikely, 
too,  that  the  shorter  the  beam  the  greater  would  be  the  effect  of  these 
conditions  upon  the  breaking  load. 
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Mr.  Russell.  Beams  of  the  kind  in  question  are  used  to  a  large  extent  in  engi- 
neering construction,  and  it  would  certainly  be  wise  to  determine  the 
laws  that  govern  their  strength.  The  speaker  would  suggest  that  a 
series  of  tests  be  made  with  properly  designed  wooden  beams  where 
the  span  is  short  compared  with  the  dejjth  of  the  beam,  as  such  a 
series  of  tests,  properly  planned  and  executed,  would  be  of  great  com- 
mercial value. 

Another  subject  for  investigation  is  the  effect  of  water-soaking 
upon  the  strength  of  timber;  the  effect  of  soaking,  under  different 
pressures  and  for  different  lengths  of  time,  and  for  different  kinds  of 
timber.  An  engineer  often  has  occasion  to  use  timber  under  water, 
and  would  therefore  like  to  know  what  the  strength  of  that  timber  is 
after  a  certain  time  of  immersion.  The  data  now  obtainable  are  by  no 
means  sufficient.  It  is  true  that  tests  have  been  made  of  the  effect  of 
percentage  contents  of  moisture  upon  the  strength  of  certain  kinds  of 
timber,  but  that  is  not  enough.  The  speaker  would  suggest  that  an 
attempt  be  made  to  obtain  more  data  to  cover  this  point. 

These  suggestions  are  the  fruit  of  actual  problems  in  the  speaker's 
practice;  and,  without  doubt,  many  engineers  can  recall  similar  jjrob- 
lems  of  their  own. 
Mr.  Hatt.  W.  K.  Hatt,  Assoc.  M.  Am.  Soc.  0.  E. — The  speaker  desires  to 
comment  upon  certain  matters  brought  up  by  Mr.  Johnson.  Touching 
the  relation  to  the  general  interests  of  forestry  of  tests  to  determine 
unit  values  of  the  strength  and  stiffness  of  timber,  it  seems  to  the 
speaker  that  any  factor  affecting  the  use  of  timber  has  an  influence 
upon  the  work  of  the  forester.  For  example,  if  the  true  value  of  such 
a  wood  as  second-growth  Loblolly  Pine  should  be  determined  and  its 
use  promoted,  the  work  of  the  forester  in  bringing  about  a  conserva- 
tive management  of  forests  would  thereby  be  greatly  aided  and  the 
interests  of  the  public  promoted. 

The  outline  that  the  speaker  has  in  mind,  of  an  ideal  scheme  of 
investigation  of  all  matters  relating  to  timber,  agrees  with  that  pre- 
sented by  Mr.  Johnson.  The  pursuit  and  successful  completion  of  a 
scheme  of  this  kind  is  a  very  attractive  ideal,  and,  in  the  speaker's 
opinion,  therefore  somewhat  dangerous,  because  impracticable.  The 
investigator  would  soon  find  himself  in  a  labyrinth.  It  is  almost 
certain  that  this  somewhat  Utopian  scheme  would  not  be  carried  to  a 
successful  conclusion,  and  in  the  endeavor  to  use  the  same  material 
to  supply  data  for  different  parts  of  the  general  field  of  investigation 
the  investigator  will  probably  fall  between  two  stools.  For  instance, 
the  sticks  used  in  construction  are  taken  from  a  log  in  a  different  way 
from  those  that  are  best  adapted  to  yield  representative  values  for  the 
mechanical  properties  of  the  tree.  Again,  the  German  investigators, 
in  order  to  determine  the  effect  of  minor  conditions  upon  the  strength 
of  wood,  perform  tests  on  small  sticks  which  do   not    contain  knots 
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and  other  accidental  defects;  whereas,  in  this  country,  large  sticks  are  Mr.  Hatt. 
tested   for   the   very   reason   that   they  do   contain  knots.     The  very 
object  of  one  series  of  the  proposed  investigation  is  to  determine  the 
extent  to  which   these  knots  and  other  defects  lower  the  strength  of 
the  timber. 

With  regard  to  Mr.  Johnson's  programme,  which  comprehends  all 
possible  relations  between  growth  and  strength,  it  is  certain  that  only 
a  few  of  the  possible  conditions  of  growth  have  any  important  influ- 
ence. A  knowledge  of  the  relation  of  many  of  the  factors  listed  by 
Mr.  Johnson  would  be  interesting;  it  is  certain  that  the  effect  of  these 
factors  could  not  be  isolated  and  determined.  A  knowledge  of  many 
of  these  would  not  be  of  sufficient  value  to  justify  the  expenditure  of 
the  necessary  time  and  money.  Roth's  study  of  the  Bald  Cypress*, 
in  which  trees  were  collected  from  various  sites,  brought  out  the  fact 
that  individual  variations  and  variations  within  one  and  the  same  tree 
are  fully  as  great  as  the  differences  brought  out  in  the  woods  from 
different  localities.  Roth's  study  of  the  White  Pinef  also  showed  that 
the  specilic  weight  (which  varies  directly  with  the  strength)  of  wood 
from  swamp  trees  is  no  heavier  or  lighter  than  the  wood  from  upland 
trees,  the  trees  from  New  England  differing  apparently  in  no  way  from 
those  of  the  Lake  region  or  North  Carolina.  No  useful  results,  to  the 
writer's  knowledge,  have  followed  the  attempts  which  have  been  made 
to  determine  by  a  series  of  formal  tests  the  relations  which  exist  be- 
tween conditions  of  growth  and  quality  of  timber. 

Has  it  not  occurred  to  Mr.  Johnson  and  others  that  the  collector 
operating  in  the  forest  can  only  describe  the  conditions  which  exist 
at  the  period  of  the  visit,  whereas  the  tree  has  been  growing  in  some 
cases  two  hundred  years?  The  collector  in  the  market  knows  more 
of  the  history  of  the  tree  than  does  the  collector  in  the  forest,  for  the 
former  sees  the  history  in  the  annual  rings. 

Another  instance  in  which  one  important  object  of  tests  of  timber 
is  frustrated,  by  the  endeavor  to  kill  two  birds  with  one  stone,  is  the 
European  method  of  selecting  test  specimens  so  that  values  may  be 
obtained  representing  the  average  mechanical  quality  of  the  tree. 
The  Germans  quarrel  with  the  foi-mer  Government  timber  tests 
because  the  manner  of  taking  out  the  test  pieces,  in  their  opinion,  did 
not  show  the  average  quality  of  the  tree.  Now,  even  if  some  method 
were  agreed  upon,  for  the  selection  of  test  pieces  that  would  serve 
this  purpose,  such  an  average  quality  would  have  no  practical 
meaning,  for  the  reason  that  the  practical  questions  to  be  solved  have 
relation  to  only  pavt  of  the  wood  of  the  trunk.  To  obtain  mechanical 
values  that  shall  have  a  useful  significance  for  the  designer  or  manu- 
facturer, tests  should  be  made  upon  that  portion  of  the  trunk  that  is 
actually   used.      A   factor  representing  the   strength  of   the   whole 

*  Circular  No.  19,  Division  of  Forastry. 
t  Circular  No.  22,  Division  of  Forestry. 
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Mr.  Hatt.  trunk  has  but  little  meauing  if  desired  to  determine,  for  instance,  the 
relative  value  for  carriage  construction  of  second-growth  or  vii'gin- 
growth  Hickory,  or  the  relative  value  of  Swamp  White  Oak  or  Upland 
White  Oak.  The  comparisons  should  be  made  upon  the  wood  taken 
from  that  part  of  the  trunk  which  is  available  to  the  manufacturer 
for  such  purposes. 

Mr.  Johnson  will,  no  doubt,  agree  that,  for  the  purpose  of  estab- 
lishing the  mechanical  value  of  structural  timber,  it  is  necessary  to 
test  large  sticks.  He  believes,  however,  that  these  should  be  taken 
from  the  forest,  in  the  interest  of  general  scientific  knowledge.  In 
favor  of  sticks  as  obtained  on  the  market  or  at  the  mill,  the  speaker 
would  point  out  the  following  advantages: 

(1)  Economy. 

(2)  The  certainty  that  the  material  represents  an  actual  com- 
mercial product. 

(3)  That  all  the  essential  facts,  certainly  all  those  that  the  con- 
structor can,  in  any  way,  control,  can  be  determined  with  reference 
to  the  history  of  the  timber.  In  case  of  large  structural  timber,  the 
lumber  dealer  can  furnish  information  as  to  the  mill  from  which  the 
timber  was  procured,  the  month  in  which  it  was  sawed,  and  the  con- 
ditions of  seasoning.  In  case  of  smaller  sticks  of  hardwood,  procured 
at  the  mill,  this  information  is  also  available.  Knowing  the  mill,  the 
forest  conditions  from  which  the  mill  draws  its  supply  can  easily  be 
determined.  A  competent  dendrologist  has  no  diflSculty  in  deter- 
mining the  species  of  at  least  95%"  of  the  timber  on  the  market  by  an 
examination  of  the  wood  fiber.  At  any  rate,  for  the  purposes  of 
obtaining  unit  values  for  the  design  of  framed  structures,  if  two 
sticks  of  timber  of  closely  related  species,  as,  for  instance,  Long-Leaf 
Pine  and  Cuban  Pine,  are  so  closely  alike  in  weight  and  appearance 
of  fiber  that  an  expert  cannot  distinguish  between  them,  the  con- 
fusion of  one  species  with  another  is  a  matter  of  no  practical  import- 
ance. 

The  sjjeaker  would  digress  in  order  to  state  his  personal  opinion 
as  to  the  most  economical  method  of  obtaining  knowledge  of  the 
effect  of  conditions  of  growth  upon  the  volume  and  character  of  the 
wood  produced  in  the  forest.  He  believes  it  to  be  an  unnecessary 
and  rather  clumsy  method  to  cut  down  many  trees,  and  submit  them 
to  the  action  of  the  testing  machine  in  order  to  determine  the  rela- 
tions sought.  As  a  matter  of  fact,  many  practical  lumbermen,  from 
general  observation  and  experience,  have  a  qualitative  knowledge  of 
the  efi'ect  of  conditions  of  growth  on  the  value  of  the  wood.  This 
knowledge  must  always  be  largely  inferential  and  can  never  be  pre- 
cise. The  mechanical  work  of  the  testing  machine,  in  the  speaker's 
view,  should  establish  the  relations  between  specific  weight  and 
strength;  between  moistiire  and  strength;  between  different  charac- 
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teristics  of  fiber  and  strength;  and  should  determine  the  relations  Mr.  Hatt. 
Avhich  exist  between  the  moduli  of  strength  exhibited  by  any  species 
under  different  kinds  of  loading,  to  the  end  that,  from  the  results  of 
one  kind  of  test,  the  strength  may  be  predicted  under  another  kind 
of  loading.  The  testing  machine  can  also  determine  the  mechanical 
effect  of  different  technological  processes  on  identical  material.  In 
this  way,  in  general,  the  testing  machine  establishes  the  relation  of 
certain  physical  appearances  and  properties  to  the  strength  under 
loading.  The  number  of  cases  is  not  very  great  in  any  one  species,  and 
it  would  be  a  comparatively  simple  matter  to  determine  these  relations. 

Now,  the  botanist  and  the  forester,  in  connection  with  lumbering 
operations,  or  a  study  of  forests,  can  easily  determine  the  character 
of  wood  produced  under  different  growth  conditions.  With  the  in- 
formation derived  from  the  testing  machine  at  his  hand,  he  can  easily 
infer  the  mechanical  worth  of  the  different  kinds  of  wood  produced 
under  given  growth  conditions.  In  this  way,  a  single  individual  in  a 
few  weeks  in  a  forest  can  learn  more  than  an  entire  organization  of 
testing  engineers  in  many  years.  This  is  the  speaker's  personal  view, 
however,  which  has  not  been  submitted  for  criticism  to  any  botanist 
or  forester. 

A  useful  end  for  timber  tests  at  the  jsresent  time  is  the  determina- 
tion of  Avhich  of  the  so-called  inferior  species  will  prove  the  best 
substitutes  for  those  woods  whose  increasing  price  is  gradually  plac- 
ing them  out  of  reach  for  certain  purposes.  This  problem  involves 
the  determination,  in  a  quantitative  measure,  of  the  difference  in 
strength  and  durability  of  two  woods  which  are  in  use  for  the  same 
jjurpose,  so  that  an  economical  selection  between  these  two  may  be 
made.  This  remark  applies,  for  instance,  to  material  for  cross-arms 
for  telegraph  poles,  box  boards,  joists,  etc. 

In  answer  to  Mr.  Russell's  question  as  to  the  strength  of  a  short 
block  which  is  under  a  bending  load,  the  speaker  would  say  that  tests 
have  been  made  to  determine  the  relation  between  the  strength  of 
sticks  of  long  and  short  span  by  Mr.  Hood,  Chief  Engineer  of  the 
Southern  Pacific  Railway.  It  is  known,  of  course,  that  large  sticks  of 
short  span  must  be  designed  for  horizontal  shear,  and  in  extreme 
cases,  possibly,  for  compression  along  the  side  of  the  grain  at  the 
point  of  application  of  the  load. 

There  is  every  reason  to  believe,  from  actual  tests  and  general  ex- 
perience, that  the  effect  of  soaking  timber  is  to  imjarove  its  durability, 
because  of  the  fact  that  such  soaking  removes  the  sap.  The  process 
of  soaking  also  renders  hardwoods  less  likely  to  warp.  Of  course,  if 
soaked  timber  is  tested  immediately  after  removal  from  the  water,  the 
strength  is  less  than  that  of  dry  timber;  but  there  is  no  reason  to 
believe  that,  if  the  timber  which  has  been  soaked  is  subsequently 
dried,  there  will  be  any  diminution  in  the  strength  due  to  the  previous 
soaking. 
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Mr.  Hatt.  In  forming  views  of  tlie  method  of  procedure  for  testing  timber, 
one  should  remember  that  there  are  endless  possibilities  in  respect  of 
refinement  of  methods,  and  the  exercise  of  judgment  is  necessary  in 
rejecting  useless  refinements.  One  must  also  choose  between  those 
investigations  which  are  of  scientific  interest  and  those  which  have 
some  outcome  of  practical  use.  The  following  are  the  matters  which 
appear  to  the  speaker  to  be  worthy  of  investigation  at  jiresent: 

With  Refeeence  to   Internal   Relations  of  the   Testing  Process. 

(1)  The  relation  between  the  ^ihysical  and  mechanical  properties, 
so  that,  in  future,  from  the  result  of  a  single  test  the  engineer  may 
compute  the  strength  under  the  several  kinds  of  loading,  or  the 
botanist  may  judge  of  the  value  of  woods  from  inspection. 

(2)  The  effect  of  moisture  and  speed  of  aj^plication  of  the  load. 

(3)  In  a  quantitative  measure,  the  weakening  effect  due  to  knots 
and  defects  of  structure. 

With  Reference  to  Knowledge  of  Properties  of  Species. 

(4)  To  ascertain  the  value  of  inferior  woods  now  used  in  market, 
as,  for  instance,  second-growth  Loblolly  Pine;  and  of  species  that  will 
come  on  the  market  in  the  future,  as,  for  instance,  Western  Hemlock 
and  Spruce.  This  knowledge  would  allow  a  proper  choice  of  substi- 
tutes for  woods  now  becoming  scarce.  The  work  of  the  forester,  in 
conservative  forest  management,  will  be  aided  thereby. 

With  Reference  to  Technological  Processes. 

(5)  To  study  the  best  methods  of  seasoning,  and  the  effect  of  these 
on  the  strength  and  durability. 

(6)  To  study  methods  of  preserving;  their  efficiency;  their  effect 
on  strength;  and  the  best  species  for  use. 

(7)  To  work  out  special  problems,  such  as  the  determination  of 
sizes  of  cross-arms  of  telegraph  poles  or  box  boards,  in  order  to 
economize  material. 

In  answer  to  Professor  Lanza's  remarks,  the  sj)eaker  would  say  that 
provision  is  made  for  "  time  tests  "  on  full-sized  timbers;  that  prelim- 
inary investigations  show  that  the  corrections  to  the  moisture  deter- 
minations due  to  the  volatilization  of  the  oil  in  the  wood  are  of  minor 
importance,  and  may  be  neglected,  except  in  the  cases  of  very  fat 
Long-Leaf  Pine.  The  correction  in  ordinary  is  cases  a  fraction  of  1 
per  cent. 

The  present  state  of  knowledge  would  lead  to  the  belief  that  the 
variation  in  the  moisture  along  the  beam  is  small  in  comparison  to  the 
variation  throughout  the  cross-section.  The  testing  of  timber  in  the 
green  condition  will  avoid  many  difficulties  arising  from  the  effect  of 
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differences  of  moisture  on  the  strength  of  the  timber,  for  the  reason  Mr.  Hatt. 
that  after  timber  has  absorbed  S'd%  moisture,  no  additional  weakening 
effect  accompanies  any  further  absorjjtion.  A  sufficient  number  of 
beams  are  to  be  tested  after  a  thorough  drying  out  to  determine  the 
relations  of  the  strength  of  dry  to  green  timber.  The  tests  for  com- 
pression aci'oss  the  grain  have  been  planned  to  include  full-sized 
pieces,  in  accordance  with  the  suggestion  of  Professor  Lanza. 

According  to  the  speaker's  experience,  the  yield  point  of  timber  is 
a  limit  of  sufficient  definiteness  to  form  a  proper  and  useful  basis  for 
the  designer.  It  is  recognized  that  the  modulus  of  rupture  is  not  the 
same  as  the  extreme  fiber  stress  at  fracture.  In  case  of  large  beams, 
which  deflect  from  2  to  3  ins.,  or  even  more,  it  is  sufficiently  accurate 
to  read  the  deflections  to  y^o  in-  This  can  be  done  under  a  continu- 
ously increasing  load. 

In  I'elation  to  the  difference  of  oioinion  between  Mr.  Johnson  and 
Professor  Lanza,  as  to  the  proper  size  of  test  sjiecimens,  the  writer  be- 
lieves that  each  is  right  from  his  respective  standpoint.  Certainly,  an 
investigator  with  the  courage  to  attempt  to  formulate  a  plan  of  cam- 
paign to  cover  the  territory  outlined  by  Mr.  Johnson  would  be  unwise 
in  the  choice  of  large  test  pieces,  with  the  additional  variables  involved 
in  these  pieces.  On  the  other  hand.  Professor  Lanza  is  right  in  insist- 
ing that  the  weaknesses  incidental  to  large  sticks  of  the  species  of 
timber  found  in  his  locality  are  not  developed  by  tests  on  small  sticks. 
A  comparison  of  the  relative  qualities  of  the  sap-wood  of  Hickory  and 
Ash,  for  instance,  must  be  predicated  upon  small  test  pieces.  A  com- 
parison of  the  relative  value  of  joists  of  Spruce  and  Long-Leaf  Pine, 
on  the  other  hand,  must  be  predicated  upon  large  sticks,  of  the  sizes 
used  in  construction.  With  respect  to  the  relation  of  tests  to  forestry, 
it  is  also  true  that  the  forester,  in  judging  of  the  cajjacity  of  a  stand  of 
timber  to  produce  saw-logs,  must  have  in  mind  the  actual  market 
product,  whether  the  large  joists  of  Conifers,  or  the  finishing  wood  of 
White  Oak,  or  the  carriage  stock  of  the  Oaks,  Hickory  and  Ash. 

The  results  of  the  former  timber  tests,  criticized  by  Professor 
Lanza,  were  not  discussed  directly  by  the  writer;  but,  since  the  matter 
has  come  up,  he  would  say  that  these  results  have  been  used  exten- 
sively by  lumbermen,  dealers,  transportation  companies,  etc.,  in  the 
same  way  that  a  large  part  of  engineering  data  is  commonly  used,  that 
is,  as  evidence  to  supj^ort  opinion,  as  well  as  for  a  basis  of  design. 
Now,  as  indicating  the  relative  essential  properties  of  the  fiber  of  dif- 
ferent species,  it  is  the  opinion  of  the  writer  that  the  results  of  the 
former  tests  deserve  the  confidence  that  has  been  reposed  in  them  by 
the  public.  These  tests  upon  small  sticks,  which  were  made  on  a 
Eiehle  testing  machine,  were  not  subject  to  the  imperfections  of  the 
large  machine  in  which  the  load  was  affected  by  the  friction  of  a  cup- 
leather  packing.     Since,  as  Professor  Lanza  points  out,  very  few  large 
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Mr.  Hatt.  sticks  were  tested,  it  must  follow  that  the  tabulated  results  of  tests 
on  small  pieces  represent  results  of  tests  conducted  under  proper 
conditions.  Professor  Lanza  is  probably  right  in  his  contention  that 
these  tabulated  results  are  not  applicable  to  large  sticks.  It  is  diffi- 
cult to  know  just  what  was  the  quality  of  the  test  pieces  sawed  from 
logs,  or  what  material  is  considered  cull,  what  merchantable,  what 
prime,  etc.  The  writer  would  only  remark  that  the  average  of  results 
from  later  tests  of  about  eighty -five  large  beams  of  Southern  Pine  and 
Red  Fir  agree  with  the  average  quoted  in  the  publications  of  the  former 
Division  of  Forestry. 

Concerning  the  handling  of  the  variable  of  moisture  in  large  sticks, 
the  plan  adopted  for  the  future,  which  involves  testing  these  large 
sticks  in  a  green  condition,  with  a  number  of  check  tests  on  uniformly 
dry  material,  and  on  certain  other  matei'ial  as  found  in  the  yards, 
is  believed  to  be  satisfactory.  Tests  on  carriage  stock  may  be  per- 
formed on  uniformly  dry  material.  Mr.  Johnson's  proposal  that  the 
moisture  present  in  the  beam  shall  be  determined  by  drying  out  suc- 
cessive horizontal  layers  of  a  disc  taken  from  the  beam  would  have 
merit  were  it  not  for  the  fact  that  the  variation  in  these  horizontal 
layers  is  nearly  as  great  as  it  is  throughout  the  entire  section. 

It  ought  to  be  plain  that  the  tests  outlined  in  the  writer's  discus- 
sion contemplate  a  somewhat  broader  field  than,  as  is  the  \new  of  Mr. 
Johnson,  the  breaking  of  a  number  of  lai'ge  market  sticks.  There  is  a 
golden  mean,  productive  of  useful  conclusions,  between  the  unintelli- 
gent collection  of  miscellaneous  data,  and  the  pursuit  of  a  visionary 
IH'ogramme,  which  would  result  in  a  mass  of  intertangled  relations. 
As  Mr.  Johnson  points  out,  there  are  more  variables  than  equations. 
The  writer  firmly  believes  that  this  idea  of  a  campaign  to  subdue  all 
the  problems  in  one  investigation  is  entirely  practicable  for  a  material 
.like  concrete  or  reinforced  concrete,  and  he  could  conceive  of  no  more 
useful  object  of  endeavor  than  a  concerted  effort  by  all  the  now  iso- 
lated experimenters  to  put  on  a  firm  experimental  basis  the  science 
of  reinforced  concrete  construction  But  this  elaboration  of  method 
cannot  be  carried  over  to  timber  physics  or  forestry.  Does  Mr- 
Johnson  believe  that  a  working  plan  can  be  formulated?  The  methods 
of  precision,  and  the  equipment  of  an  astronomical  expedition  to  ob- 
serve the  transit  of  Venus  must  be  given  up  in  the  forest.  Such  a 
formidable  and  ponderous  method  of  investigation  as  suggested  by  Mr. 
Johnson  might  be  other  than  a  merely  interesting  and  attractive  idea, 
were  it  not  for  the  fact  that  foresters,  who  have  most  to  do  with  matters 
of  this  kind,  discourage  the  attempt.  Nature  has  given  a  plain  answer 
to  most  of  these  questions,  and  intelligent  himbermen  and  foi'esters 
have  no  trouble  in  understanding  her  language.  What  the  testing 
machine  can  do  in  such  cases  is  to  supply  quantitative  results  for  rela- 
tions which  are  very  plain  qualitatively. 
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Paper  No.  959. 

LOADINGS  FOR  RAILROAD  BRIDGES. 

Au  Informal  Discussion  at  the  Annual  Convention,  June  lltli,  1903- 


Subject  for  Discussion: 
In   view   of  the   Increasing?   Weip^hts    of  Rolling   Stock,    for    what 
Loadings  should  Railroad  Bridges  be  Designed?" 


By  Messrs.   Henry  W.  Hodge,  J.  W.  Schaub,  Emil  Swensson, 
Theodore  Cooper,  A.  J.  Himes  and  Henry  W.  Hodge. 


Henry  W.  Hodge,  M.  Am.  See.  C.  E.  (by  letter). — The  constantly  Mr.  Hodge, 
increasing  weights  of  rolling  stock  on  railroads  is  a  subject  which 
affects  most  vitally  the  safety  of  all  bridges  on  such  roads;  and,  as 
few  operating  departments  have  made  proper  allowance  for  such 
increase  in  ordering  these  structures,  it  has  been  necessary  to  re- 
move many  good  bridges  and  replace  them  with  heavier  ones  within 
very  short  periods;  generally  much  shorter  than  their  natural  life 
under  loads  for  which  they  were  designed.  It  is  properly  the  field 
of  the  operating  departments  to  keep  the  probable  increase  in  loads 
in  view  when  giving  data  to  the  construction  departments;  but  though 
these  live  loads  have  been  increased  more  than  100%"  in  the  last 
twenty  years,  with  uo  certain  signs  of  a  maximum  limit,  it  is  seldom 
we  find  an  oi^erating  manager  who  thinks  there  is  the  slightest  neces- 
sity of  designing  bridges  for  greater  loads  than  the  latest  locomo- 
tives he  has  ordered;  and  the  writer  has  known  railroads  to  order 
bridges  on  the  same  line  for  three  different  live  loads  within  two  years, 
so  that  the  fir.5t  bridges  were  overstrained  33^^o  within  two  years  after 
they  were  completed. 
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Mr.  Hodge.  This  appears  to  be  a  very  short-sighted  policy,  and  yet  it  is  a 
question  whether  the  bridge  engineer  is  in  a  position  to  correct  it, 
as  his  situation  places  him  in  the  delicate  position  of  appearing  to 
wish  to  increase  his  remuneration  if  he  suggests  increasing  the 
weight  of  a  structure  over  what  he  is  ordered  to  design.  As  stated 
previously,  however,  there  is  no  sign  that  the  maximum  rolling 
loads  have  been  reached,  and  if  they  are  to  continue  increasing  at 
anything  like  their  past  rate,  it  is  certainly  advisable  for  railway 
managements  to  give  the  subject  more  attention  than  it  has  hereto- 
fore received.  It  is  evident  to  all  engineers,  and  men  in  other  depart- 
ments of  railroad  construction  and  operation,  that  the  tendency  is 
constantly  toward  the  moving  of  freight  in  larger  units,  and  it  is  a 
well-established  fact  that  the  extremely  low  cost  per  ton  of  moving 
freight  on  American  railroads  has  been  reached  by  this  use  of  larger 
units  than  are  used  elsewhere. 

It  seems  to  be  agreed  by  all  operating  managers  that  increased 
economy  would  be  further  secured  by  enlarging  the  loads  carried  by 
each  locomotive,  and,  therefore,  it  would  appear  that  the  final  maxi- 
mum weight  of  locomotive  will  only  be  found  when  the  sustaining 
power  of  the  roadbed  is  reached,  or  when  it  is  impracticable  to  get 
more  weight  on  the  drivers  of  locomotives.  We  often  hear  the  state- 
ment that  locomotives  cannot  be  made  much  heavier  because  the  rails 
will  not  carry  more,  but  this  statement  has  been  made  continually 
for  many  years,  and,  all  the  time,  the  weights  of  locomotives  have 
been  steadily  increasing  and  the  weights  of  rails  have  been  increas- 
ing about  proportionately.  The  writer  cannot  see  that  the  section 
of  rails  can  ever  be  a  bar  to  increasing  live  loads,  as  these  rail  sec- 
tions can  be  increased  to  whatever  point  is  desired,  larger  tie-plates 
being  used,  and  it  would  appear  that  a  much  more  serious  difficulty 
to  be  overcome  is  the  supporting  jjower  of  the  earth  roadway  and  the 
rail  joints.  Ties  cannot  be  sj^aced  much,  if  any,  closer  than  they  are 
now,  if  bedded  in  the  j^resent  manner  in  ballast,  as  the  present  spaces 
are  about  as  small  as  possible  to  allow  of  proper  tamping  of  ballast  to 
hold  the  track  in  line  and  surface.  If  more  bearing  surface,  with  the 
present  general  arrangement,  is  desired,  it  will  probably  have  to  be 
gained  by  lengthening  the  ties,  and  there  seems  to  be  no  good  reason 
why  this  should  not  be  done. 

With  the  present  arrangement  of  ties,  bedded  in  good  stone  bal- 
last, the  pressure  on  the  earth  roadbed,  from  a  driving  axle  weighing- 
60  000  lbs.,  spaced  5  ft.  from  center  to  center,  can  be  assumed  to  be 
spread  evenly  over  an  area  of  5  x  10  ft.,  or  50  sq.  ft.,  giving  a  press- 
ure of  1  200  lbs.  per  square  foot.  If  this  is  doubled,  for  impact, 
there  would  still  be  only  a  little  more  than  a  ton  to  a  square  foot, 
which  does  not  seem  to  be  as  much  as  a  well-compacted  earth  roadbed 
should  stand.  Of  course,  this  absolute  pressure  is  not  entirely  the 
governing  feature  in  the  permanency  of  way,  as  it  is  necessary  to  have 
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the  ties  held  in  place  so  rigidly  that  they  will  not  get  out  of  line  and  Mr.  Hodge, 
surface.  But  it  must  be  borne  in  mind  that  the  maximum  loads  hauled 
will  be  heavy  freight  trains  at  a  comparatively  slow  sj^eed,  and,  in  all 
probability,  they  do  not  have  nearly  as  injurious  an  effect  on  the  per- 
manent way  as  the  much  lighter  passenger  loads  moving  at  greater 
speeds.  Thus  it  would  appear  that  there  is  no  reason  why  the  maxi- 
mum live  loads  should  be  determined  by  the  supporting  power,  or  the 
rigidity,  of  the  permanent  way. 

There  still  remains  the  question  of  what  maximum  weight  it  is 
mechanically  possible  to  put  over  a  driving  axle,  and  the  writer  feels 
confident  that  this  will  be  the  governing  point  of  the  extreme  axle 
loads.  Locomotive  builders  have  had  their  ingenuity  taxed  already  to 
get  the  necessary  weight  on  the  driving  axles  to  prevent  slipping, 
and  yet  keep  within  the  clearance  height,  and  anyone  looking  at  the 
modern  heavy-grade  locomotive  is  immediately  struck  with  the  fact 
that  the  top  of  the  boiler  is  so  near  the  upper  clearance  line  that 
there  is  only  room  enough  for  the  smallest  apology  for  a  stack  and 
steam  dome. 

It  must  be  remembered  that  the  height  and  width  of  the  locomo- 
tive is  practically  limited,  and,  as  the  present  distances  from 
center  to  center  of  drivers  are  made  such  that  these  wheels  are  as 
close  together  as  possible,  there  seems  to  be  no  further  space  to 
get  in  more  weight,  unless  the  railroad  clearances  of  height  and 
width  are  changed,  and  this  would  mean  practically  rebuilding  the 
railroads.  It  may  yet  be  possible  to  decrease  somewhat  the  size  of  the 
driving  wheels  and  thus  give  more  height  above  the  axles  for  weights, 
but  the  modern  heavy-grade  engines  have  wheels  less  than  5  ft.  in  diam- 
eter, so  that  there  is  not  much  room  for  any  considerable  change  in 
this  direction. 

As  far  as  the  writer  has  been  able  to  get  opinions  from  exj^ert 
mechanical  engineers  engaged  in  the  design  of  locomotives,  it  seems 
probable  to  them  that  the  final  maximum  axle  loads  cannot  practically 
be  increased  more  than  15%  above  the  present  maximum  axle  loads, 
and  the  writer  believes  this  to  be  a  fair  limit. 

27800        45500    46500   49000    45500   45500 


Fig.  1. 
The  heaviest  locomotives  for  which  the  writer  has  seen  any  data 
are  those  built  for  the  Atchison,  Topeka  and  Santa  Fe  Kailroad, 
weighing,  without  tender,  232  000  lbs.  on  five  driving  axles,  and  27800 
lbs.  on  the  truck,  making  232000  lbs.  on  a  driving-wheel  base  of  20  ft., 
or  259  800  lbs.  on  a  total  wheel  base  of  28  ft.  11  ins.,  all  as  shown  in 
the  diagram,  Fig.  1. 
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Those  built  for  the  Pittsburg,  Bessemer  and  Lake  Erie  Railroad 
weigh  225  200  lbs.  on  four  driving  axles,  and  25  100  lbs.  on  the  truck, 
making  225  200  lbs.  on  a  driving-wheel  base  of  15  ft.  7  ins.,  or  250  300 
lbs.  on  a  total  wheel  base  of  24  ft.  4  ins.,  all  as  shown  in  the  diagram. 
Fig.  2. 
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Fig.  2. 

The  latter  engine  is  the  heavier  per  linear  foot,  and  the  heaviest 
single  driving  axle  carries  59  200  lbs.,  with  an  average  for  each  driving 
axle  of  56  300  lbs.  If  15/^  be  added  to  this  average  the  result  would 
be  64  745  lbs.  per  axle,  and,  from  this,  the  writer  is  of  the  opinion 
that  a  locomotive  having  four  driving-axle  loads  of  65  000  lbs.  each 
will  be  sufficient  to  cover  the  extreme  probabilities  of  rolling  loads. 

The  tender  of  this  Pittsburg,  Bessemer  and.  Lake  Erie  Railroad 
03omotive  has  35  275  lbs.  on  each  of  four  axles,  and  increasing  these 
by  15"^  gives  40  566  lbs. ;  but  there  are  greater  possibilities  of  increas- 
ng  tender  loads  than  there  are  for  driving  loads,  therefore  the  writer 
would  set  the  maximum  tender  wheel  loads  at  42  000  lbs.  per  axle. 

If  one  forward  truck  axle  is  iised,  taking  32  OflO  lbs.,  the  result  will 
be  an  engine  weighing  292  000  lbs.,  followed  by  a  tender  weighing 
168  000  lbs.,  making  a  total  of  460  000  lbs.,  complete. 

It  IS  hardly  necessary  in  this  general  discussion  to  go  into  the 
detail  of  spacing  of  wheel  centers  for  this  theoretical  maximum  load, 
but  the  spacings  now  generally  used  in  bridge  specifications  (which 
do  not  vary  greatly)  seem  to  be  about  correct,  except  the  distance  from 
the  last  engine  driver  to  the  first  tender  wheel,  which  is  now  generally 
8  or  9  ft.,  and  which  probably  should  be  increased  to  14  or  15  ft. 

The  following  uniform  load  still  remains  to  be  determined,  and  the 
heaviest  loaded  steel  cars  that  the  writer  has  been  able  to  find  are  the 
iron  ore  cars,  in  use  on  the  Algoma  Central  Railroad,  which  weigh  44  000 
lbs.,  carrying  a  net  load  of  100  000  lbs.,  making  a  total  load  of  144  000 
lbs.  in  an  over-all  length  of  24  ft.,  thus  giving  6  000  lbs.  i^er  linear 
foot,  and  if  this  again  be  increased  by  15/5,  H^®  result  is  6  900  lbs.,  say 
7  000  lbs.  per  linear  foot.  The  writer,  therefore,  is  of  the  opinion  that 
it  will  be  safe  to  use,  as  the  probable  maximum  live  loads  for  present 
railroad  clearance  dimensions,  two  locomotives,  weighing  260  000  lbs. 
on  drivers,  and  460  000  lbs.  complete,  with  tender,  followed  by  a  uni- 
form load  of  7  000  lbs.  per  linear  foot.  Of  course,  it  is  not  necessary 
or  advisable  for  all  railroads  to  adopt  any  such  maximum  loads,  as 
few  roads  will  ever  need  such  an  extremelv  heavv  class  of  rolHug  stock. 
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but  this  suggested  maximum  load  is  only  intended  to  api)ly  to  such  Mr.  Hodge. 
roads  as  have  very  heavy  grades,  and  are  looking  forward  to  hauling 
eventually  the  greatest  possible  units  over  such  grades.  It  certainly 
is  not,  and  never  will  be,  practical  to  adapt  any  particular  set  of  live 
loads  to  the  many  railroad  systems  operating  entirely  different  classes 
of  traffic,  under  entirely  different  conditions. 

It  is  hoped  that  this  suggested  maximum  load  may  lead  to  a  full 
discussion  of  this  important  subject,  and  perhaps  bring  about  more 
foresight  in  the  ordering  of  new  bridges,  as  such  foresight  will  cer- 
tainly be  a  benefit  to  the  railroad  corjjorations,  even  if  it  is  at  the 
expense  of  the  bridge  designers  and  constructors  whose  natural  pref- 
erence would  be  to  keep  replacing  light  bridges,  rather  than  build  but 
one  in  a  life-time. 

J.  W.  ScHArB.  M.  Am.  Soc.  C.  E.  — The  loading  known  as  £"-50,  in  Mr.  Schaub. 
Cooper's  specifications,  is  now  commonly  used  as  a  standard  load- 
ing for  railroad  bridges.  This  provides  for  two  engines  weighing 
355  000  lbs.  each,  including  the  tender,  in  working  order.  Bridges,  if 
properly  designed  for  this  loading,  will  be  able  to  carry  with  perfect 
safety  a  load  fully  50%"  heavier  than  jsrovided  for.  This  means  that 
the  weight  of  engines  can  approach  a  total  of  275  tons,  before  it  would 
be  necessary  to  even  consider  the  renewal  of  the  present  bridges. 
When  this  loading  has  been  reached,  the  present  form  of  roadbed 
will  long  have  disappeared.  The  speaker  is  not  prepared  to  say 
what  is  to  take  its  place,  but  if  engineers  can  feel  assured  that  steel 
bridges,  as  now  designed,  will  carry  any  load  that  the  present  form  of 
roadbed  will  be  able  to  bring  to  them,  that  is  all  that  should  be  ex- 
pected of  them.  Between  the  roadbed  and  the  bridges,  it  seems  to  the 
speaker  that  the  bridges  have  the  advantage  just  now,  and  he  con- 
siders the  £"-50  loading  to  be  more  than  ample  to  carry  anything  that 
can  be  carried  on  the  present  form  of  roadbed. 

E.  Sw^ENSSON,  M.  Am.  Soc.  C.  E.— The  speaker  concurs  in  the  last  Mr.  Swensson. 
remark  of  Mr.  Schaub,  that  it  seems  unnecessary  for  the  present  to 
consider  any  heavier  loadings  for  railroad  bridges  than  those  of  the 
heaviest  engines  mentioned  by  Mr.  Hodge  as  being  in  actual  service, 
and  for  which  Mr.  Cooper's  typical  loading,  £-50,  is  about  the  equi- 
valent; as  this  load  seems  to  be  the  maximum  that  can  be  imposed 
upon  the  soil  of  some  embankments  and  side-hill  roadbeds. 

The  above-mentioned  heaviest  engines  go  daily  over  bridges  designed 
for  somewhat  less  loading,  without  showing  any  effect  on  the  bridges, 
but  this  is  not  always  the  case  with  the  adjoining  roadbed.  It  there- 
fore indicates  that,  until  some  method  of  strengthening  the  roadbed  is 
adopted,  the  engine-load  should  not  be  increased  and  consequently  no 
increase  should  be  made  in  the  loading  for  railroad  bridges. 

Theodore  Cooper,  M.  Am.  Soc.  C.  E.  (by  letter). — That  the  loads  Mr.  Cooper. 
on  freight  cars,  or  the  vfeights  of  engines,  will  continue  to  increase  per 
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Mr.  Cooper,  running  foot  of  track  to  an  unknown  or  indefinite  extent  is,  in  tlie 
writer's  opinion,  a  most  erroneous  assumption. 

Excepting  special  lines  of  road,  carrying  one  kind  of  freight  be- 
tween definite  terminal  points,  as  certain  mine,  quarry  or  ore  roads,  the 
interchange  of  traffic  between  the  numerous  lines  composing  the  rail- 
road system  of  the  American  Continent  demands  that  all  cars  shall  be 
able  to  pass  freely  over  each  line,  without  surpassing  vertically  or 
laterally  the  limiting  clearances,  which  determine  the  limiting  cross- 
section  of  the  train,  including  engines  and  cars. 

While  some  roads  have  cars  in  use  locally  which  would  not  be  ac- 
cepted on  other  roads,  it  is  very  certain  that  the  great  interchange  of 
freight  will  ultimately  comjiel  the  adojition  of  standard  cars  which  can 
pass  freely  over  all  lines. 

The  American  Railway  Association  has  recently  adopted  a  standard 
box-car,*  which,  presiimably,  is  as  large  as  would  be  acceptable  to  all 
roads. 

It  has  the  following  inside  dimensions:  8  ft.  high,  8  ft.  6  ins.  wide, 
and  36  ft.  long. 

The  inside  cross-section  of  this  car,  68  sq.  ft.,  when  reduced  to  the 
length  of  track  covered  (distance  between  bumpers),  gives  about  65  sq. 
ft.  as  the  maximum  storage  capacity  per  linear  foot  of  track. 

By  reference  to  the  writer's  paper, f  "  Train  Loadings  for  Railroad 
Bridges,"  in  Table  No.  3,  it  will  be  seen  that  this  car  could  be  com- 
pletely filled  with  any  kind  of  freight,  excepting  minerals  and  metals, 
without  exceeding  4  000  lbs.  of  freight  per  linear  foot  of  track. 
Practically,  it  would  be  imjiossible  to  fill  this  car  completely. 

If  we  allow  (as  would  appear  liberal)  1  000  lbs.  per  foot  of  track  for 
the  weight  of  the  car,  the  maximum  load  per  foot  for  fully  90%  of  the 
freight  handled  on  our  roads  could  not  exceed  5  000  lbs. 

Of  the  remaining  10%  (excluding  special  ore-carrying  lines)  the 
larger  jDroportion  consisting  of  machinery,  structural  work,  manufac- 
tured articles,  etc.,  could  not  be  stored  within  the  limiting  cross- 
section  so  as  to  exceed  the  above  maximum. 

Such  cars,  with  this  maximum  loading,  would  weigh  190  000  lbs., 
which,  with  four  axles,  would  give  47  500  lbs.  per  axle,  or,  with  six 
axles,  31  667  lbs.  per  axle. 

The  self-dumping  100  000-lb.  coal  car  has  36  500  lbs.  per  axle  and 
4  300  lbs.  per  foot  of  track. 

As  such  loads  on  33-in.  wheels,  when  the  wheels  once  become  worn 
or  roughened,  would  be  far  more  trying  to  the  track  than  the  heavier 
driving-wheel  loads,  owing  to  the  larger  diameter  and  better  care,  it  is 
certain  that  there  must  be  a  limit  to  such  loads,  as  determined  by 
longer  experience. 

*  Railroad  Gazette.  July  3d,  1903. 

t  Transactions,  Ana.  Soc.  C.  E.,  Vol.  XXXI,  pp.  174  hua  1&3. 
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Considering  the  small  percentage  of  the  freight  which  could  be  Mr.  Cooper, 
stored  in  the  limiting  cross-section  so  as  to  give  greater  loads  per  foot 
of  track  than  5  000  lbs.,  and  the  imi30ssibility  of  keeping  such  cars  in 
continuous  circulation  with  full  loads,  except  ixpon  the  specially 
excluded  ore  roads,  their  introduction  upon  the  general  railroad 
system  is  imjDrobable. 

It  would  seem  to  be  justifiable,  therefore,  to  assume  that  there  is 
an  upper  limit  to  the  freight  load  per  running  foot  of  track,  and  that 
5  000  lbs.  covers  the  limitation,  unless  it  is  assumed  that  the  existing 
railroads  will  increase  their  present  clearances,  a  tremendous  under- 
taking in  time  and  money. 

Engines,  also,  must  be  limited  in  size  and  weight  by  the  limiting 
cross-section  of  the  roads,  if  not  by  the  permissible  axle  loads. 

With  the  limitation  of  the  driving-wheel  base,  increased  weight  on 
the  drivers  demands  more  space  for  the  greater  boilers,  cylinders,  grate 
surface  and  funning  gear. 

In  The  Railroad  Gazette  of  October  27th,  1899,  there  is  a  theoretical 
examination  as  to  the  heaviest  engine  which  could  be  built,  under  cer- 
tain assumptions  and  with  the  usually  accepted  road  clearances. 
Whether  the  conclusions  of  that  writer  are  exact  or  not,  it  is  interest- 
ing and  instructive,  as  showing  the  influence  of  the  allowed  cross- 
section  of  a  road  upon  the  maximum  possible  engine,  and  indicates 
that,  under  present  restrictions,  we  have  about  reached,  in  existing  en- 
gines, the  maximum  possible.  His  maximum  requires  five  coupled 
driving  axles  with  a  fixed  wheel-base. 

For  further  increase  in  the  weight  and  power  of  the  motor,  we  must 
either  look  forward  to  the  jjossibility  of  electricity  or  to  a  series  of 
combined  motors  with  articulated  wheel-bases. 

It  is  reported  that  the  Baltimore  and  Ohio  Railroad  has  now  under 
construction  an  engine  with  285  000  lbs.  on  six  driving  axles  with  an 
articulated  wheel-base,  the  three  forward  and  three  rear  drivers  each 
having  an  individual  wheel-base  of  10  ft.  and  a  total  wheel-base  of 
30  ft.  6  ins. 

Such  an  engine,  however,  would  not  produce  any  greater  stresses 
on  bridges  than  the  typical  consolidation  engines  with  the  same  load 
per  axle. 

It  would  appear  to  the  writer,  therefore,  that  maintenance-of-way 
conditions,  weights  on  axles  and  car  wheels,  and  existing  clearances, 
all  indicate  that  we  are  at  or  close  to  the  maximum  train  loadings, 
under  the  present  construction  and  limitations  of  our  railroads. 

On  October  9th,  1899,  the  writer  recommended  the  adoption  of  his 
train  loading,  £"-50,  by  one  of  our  imi^ortant  roads,  as  being,  in  his 
opinion,  sufficient  to  cover  all  future  load  developments,  when  com- 
bined with  the  conservative  unit  strains  now  in  general  use;  strains, 
which  in  the  past  have  been  very  greatly  exceeded,  on  nearly  all  roads, 
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Mr.  Cooper,  witliout   risk  or   detriment,  by  the  heretofore    constantly  increasing 
loads  imposed. 

It  is  not  apparent,  at  present,  why  this  opinion  should  be  revised. 
Mr.  Hiraes.  A.  J.  HiMES,  M.  Am.  Soc.  C.  E.  (by  letter;. — Since  Mr.  Hodge  has 
been  unable  to  find  any  cars  in  service  having  a  greater  load  on  the 
axles  than  those  of  the  Algoma  Central  Railroad,  it  may  be  interest- 
ing to  note  that  theMonongahela  Coanecting  Railroad,  of  Pittsburg,  is 
using  cars,  about  the  plant  of  the  Jones  and  Laughlin  Steel  Company, 
which  have  a  capacity  of  200  000  lbs.,  and  weigh  40  000  lbs.  The 
length  of  the  shortest  of  these  cars  is  33  ft.  over  all,  making  a  total 
weight  of  about  7  300  lbs.  per  foot.  The  distance  from  center  to 
center  of  axles  is  5  ft.  6  ins.,  and  from  center  to  center  of  trucks  is 
23  ft.  3  ins. 

Since  these  cars  are  in  actual  service,  it  is  more  than  likely  that 
the  ore-carrying  roads  will  soon  find  it  expedient  to  put  them  into 
general  use. 

Past  experience  siirely  does  not  indicate  that  we  have  yet  reached 
the  maximum  live  load.  To  say  that  a  thing  will  not  occur,  or  that 
it  is  impossible,  savors  of  omniscience,  while  to  say  that  one  certain 
thing  is  possible  requires  only  a  specific  knowledge. 

But  while  future  increases  of  live  load  are  probable,  they  will 
doubtless  be  of  a  special  natiire  and  not  call  for  anything  like  uni- 
versal adoption.  A  road  on  which  the  principal  trafl&c  is  in  grain  will 
not  be  able  to  use  rolling  stock  as  heavy  as  that  required  by  the  ore- 
carrying  roads,  and  in  the  same  manner  there  is  likely  to  be  a  greater 
differentiation  of  live  loads  in  the  future.  Of  course,  many  roads  are 
occasionally  obliged  to  refuse  certain  classes  of  freight  because  of 
great  concentrated  loads,  and,  as  the  country  develops,  such  cases 
will  become  more  common,  but  it  is  wholly  impracticable  for  the 
smaller  roads  to  equij?  themselves  to  handle  the  heavy  loads  that  may 
form  the  bulk  of  the  traffic  on  si^ecial  roads. 
_  .  A  thorough  appreciation  of  the  possibilities  of  future  increase  of 
live  loads  would  tend  to  increase  lai'gely  the  use  of  stone  bridges. 

While  pi-esent  economy  may  indicate  the  wisdom  of  replacing  old 
bridges  with  new  ones  of  heavier  section,  a  strong  faith  in  the 
country's  continued  prosj^erity  would  poiut  to  stone  arches  and  earthen 
embankments  as  the  best  means  of  reconstruction. 
Mr.  Hodge.  Henky  W.  Hodge,  M.  Am.  Soc.  C.  E.  (by  letter). — The  wTiter  has 
read  with  great  interest  the  discussions  on  loadings  of  railroad  bridges 
by  Messrs.  Schaub,  Swensson,  Cooper  and  Himes,  and  notes,  from 
Mr.  Himes'  discussion,  that  the  Monougahela  Connecting  Railroad  is 
at  present  running  cars  weighing  7  300  lbs.  per  foot,  which  is  evidence 
that  the  loads  suggested  by  the  writer  are  not  in  the  least  im- 
probable. 
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The  writer  agrees  fully  with  the  statements  made  by  all  the  dis-  Mr.  Hodge, 
cussors,  that  rolling  loads  for  different  railroads  have  to  vary,  and 
that  it  would  be  far  from  advantageous  for  many  roads  to  design 
bridges  for  any  such  loads  as  the  writer  has  suggested,  as  the  loads 
proposed  are  only  applicable  to  railroads  that  expect  to  carry  the 
heaviest  class  of  traffic. 
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IMPERVIOUS    CONCRETE. 

An  Informal  Discussion  at  tbe  Annual  Convention,  June  llth,  1903. 


Subject  fok  Discussion: 

"Is  it  jjossible  to  make  Concrete  which  will  be  Impervious  to  Water? 
If  so,  what  is  the  best  method  ? 


By  Messrs.  R.W.  Lesley,  J.  James  R.  Ckoes,  J.W.  Schaub,  B.  R.  Geeen, 

Oscar  Lowinson,  Edward  Cunnikgham,  W.  K.  Hatt, 

Theodore  Belzner,  Sanford  E.  Thompson 

AND  William  B.  Fuller. 


Mr.  Lesley.  R.  W.  LESLEY,  Assoc.  Am.  Soc.  C.  E. — It  is  somewhat  difficult  to 
attack  this  subject,  as  the  outlines  of  the  field  to  be  covered  have  not 
been  very  thoroughly  defined. 

Of  course,  it  is  known  that  there  is  a  great  difference  between  the 
l^orosity  and  permeability  of  mortar,  though  in  a  great  many  minds 
these  two  subjects  are  considered  to  be  the  same.  It  is  known  that, 
as  an  engineering  question,  the  permeability  of  mortar  is  a  serious 
one,  and  the  porosity  of  mortar  is  only  interesting  from  a  scientific 
standpoint. 

On  the  question  of  mortars  and  the  subject  of  jjermeability,  the 
most  learned  writer  is  M.  E.  Feret,  Chief  of  the  Boulogne  Laboratory  of 
the  Pants  el  Chaussees,  a  well-known  expert  of  the  French  Government. 
In  his  work  on  this  subject,*  which  has  not  been  translated,  Mr.  Feret 
gives  the  results  of  a  series  of  experiments  begun  by  him  in  1887,  and 

*  '•  Sur  la  Capacity  des  Mortiers  Hydrauliques,"  published  in  the  Annales  des  Fonts 
et  Chauss6es,  July,  1892. 
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pursued  without  interruption  for  a  period  of  nearly  five  years.     He  Mr.  Lesley, 
gives  the  results  of  his  experiments,  embracing  the  most  complicated 
tables  and  figures,  covering  in  all  some  two  hundred  pages  of  press 
matter,  and  arrives  at  a  number  of  conclusions  which,  in  general,  may 
be  summed  up  as  follows: 

1.  The  strength  of  mortars  made  on  ordinary  public  works  increases 

in  projiortion  to  the  amount  of  lime  or  cement  therein. 

2.  The  strength  increases  generally  at  the  beginning  of  the  harden- 

ing in  proportion  to  the  size  of  the  sand  elements. 

3.  Mortars  made  with  a  mixture  of  sand  containing  large  and  small 

particles,  present  practically  the  same  advantages  as  those 
■where  sands  of  large  particles  are  used  exclusively,  and 
should  be  preferred  to  the  latter. 

4.  The  jDorosity  of  cement  mortars  varies  very  greatly.     It  dimin- 

ishes as  the  i^roportion  of  cement  increases.  It  is  much 
greater  when  the  sand  is  finer. 

5.  The  permeability  of  mortars  diminishes    as  the  proi^ortion  of 

cement  is  increased;  but,  reversing  the  conditions  applying 
to  porosity,  permeability  increases  according  to  the  size  of 
the  sand  grains.  Mortars  made  with  sand  composed  of  dif- 
ferent sized  particles  which  themselves  have  little  porosity, 
have  also  very  slight  permeability. 

The  permeability  of  mortars  submitted  to  a  continuous  filtration 
of  fresh  water  or  sea-water  diminishes  rapidly  with  time. 

It  is  recommended  to  mix  mortars  to  a  good  consistency  by  adding 
too  large  rather  than  too  small  a  quantity  of  water. 

Coming  more  definitely  to  the  question  of  the  sub-heads  of  per- 
meability and  porosity,  he  states,  under  the  head  of  porosity,  the  fol- 
lowing as  the  conclusion  of  his  experiments : 

"That  all  mortars  are  porous  when  submerged  in  water,  and  the 
absorbed  water  will  conform  quite  nearly  to  the  total  volume  of  the 
calculated  voids;  that,  however,  there  is  a  very  great  distinction  be- 
tween the  permeability  of  mortars,  that  is,  the  jjroperty  they  have  of 
permitting  percolation  more  or  less  by  water,  and  their  porosity,  that 
is  to  say,  the  quantity  of  water  they  will  absorb  when  immersed,  the 
latter  of  which,  as  already  stated,  is  about  equal  to  the  total  volume 
of  the  voids.  In  genera],  the  most  porous  mortars  are  the  least  per- 
meable, and  the  reverse  applies  to  permeable  mortars. 

"The  experiments  showed  that  with  coarse  sand,  the  porosity 
diminishes,  and  it  increases  as  the  sand  is  fine." 

To  the  question  of  permeability,  Mr.  Feret  devotes  many  pages  of 
his  book,  and  has  many  experiments  of  a  most  interesting  character. 
He  finds  that: 

"  Permeability  is  quite  a  different  subject  from  porosity,  and  the 
eflfect  of  the  passage  of  water  may  be  said  to  free  small  jJarticles  of 
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[r.  Lesley,  the  lime  or  cement  aud  bring  them  to  the  surface,  where  they  produce 
efflorescence  or  fine  stalactites,  according  to  the  fi-eshness  of  the 
mortar.  These  efflorescences  tend  to  solidify  the  mortar  and  form  an 
exterior  coating.  Tables  are  given  to  illustrate  by  experiment  the 
efi'ect  of  this  Avater  passing  through  the  permeable  mass,  which  demon- 
strates that  when  water  is  forced  through  a  mass  of  mortar,  stonework 
or  concrete,  or  is  allowed  to  go  through,  the  fact  that  large  amounts 
do  go  through  at  once  does  not  indicate  any  lack  of  value  in  the 
mortar,  because  the  first  hour  may  show  a  considerable  quantity  of 
water  going  through,  cai-rying  lime  particles  which  close  the  pores, 
and  as  the  jirocess  is  kept  up,  each  hour  shows  a  diminished  volume 
of  percolation." 

On  page  97  of  his  book,  in  reference  to  the  valuation  of  the  per- 
meability of  the  same  mortar,  there  is  a  table  showing  the  lessening 
of  permeability,  after  a  series  of  experiments,  beginning  at  one  hour 
and  covering  a  week,  at  the  end  of  which  time  there  was  practically  no 
water  coming  through.  This  was  due  to  the  fact  that  the  pores  were 
obstructed  by  the  carbonates  of  lime  which  result  from  the  attack  of 
the  cement  by  the  lime-carrying  water  passing  through  it,  and  its  sub- 
sequent exposure  to  the  atmosphere. 

As  a  general  rule,  it  is  observed  that  this  lessening  of  the  perme- 
ability of  the  mortar  is  just  so  much  more  rapid  as  the  filtration 
through  the  mass  is  more  abundant.  In  reference  to  this  it  would 
appear  that  where,  after  a  long  drying,  mortar  is  subjected  to  water 
and  there  is  a  great  quantity  pouring  through  immediately,  this  is  the 
best  indication  that  the  mortar  ultimately  will  be  absolutely  imjier- 
meable  to  water. 

On  page  99  of  Ferefs  book,  referring  to  this  subject,  a  quotation  is 
made,  from  a  paper*  by  Durand-Claye,  which  confirms  these  experi- 
ments and  lays  down  the  principle  that,  for  each  class  of  mortar  and 
sand,  there  is  a  definite  dose  of  water  which  corresponds  to  the  maximum 
■of  compactness  and  the  minimiim  of  permeability  of  the  mortar. 

In  another  series  of  tables,  on  page  100,  with  various  proportions 
of  water,  it  is  shown  that  conditions  govern  largely  the  question  of 
permeability,  and  also  confirms  the  theory  that  the  ratio  of  the  per- 
meability increases  as  the  quantity  of  water  increases.  The  permeability 
also  depends  upon  the  proportion  of  water,  as  stated  above;  and  on 
page  101,  there  is  a  table  showing  that,  at  the  end  of  a  reasonable 
period,  mortars  made  of  varying  proportions  of  v;ater  show  about  the 
same  filtration,  though  at  the  beginning  of  the  experiment  there  was 
a  material  difference  in  the  quantity  of  water  that  percolated  through 
them. 

In  another  full  series  of  tables,  giving  results  with  various  sands, 
it  is  demonstrated  cleai'ly  that  the  permeability  is  rapidly  increased 
when  the  larger  sizes  of  sand  are  used,  while,  on  the  other  hand,  de- 
composition is  more  active  with  mortars  made  with  fine  sand;  and,  in 
*  Annales  des  Fonts  et  Chaussees,  Series  6,  Vol..  15,  p.  816,  May.  1888. 
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summing  up  the  subject  of  permeability,  Mr.  Feret  comes  to  the  fol-  Mr.  Lesley, 
lowing  conclusions: 

"That  in  all  mortars  of  granulometric  comiDosition,  the  most  per- 
meable are  those  which  contain  the  least  quantity  of  cement. 

"Of  all  mortars  of  the  same  richness,  but  of  varying  granulometric 
composition,  those  which  contain  very  few  fine  grains  are  much  more 
permeable.  They  are  the  more  so  where,  with  equal  proportions  of 
the  line  grains,  the  coarse  grains  predominate  more  in  relation  to  the 
grains  of  medium  size. 

"The  minimum  permeability  is  found  in  mortars  where  the  pro- 
portion of  medium  size  grains  is  small,  and  the  coarse  and  fine  grains 
are  about  equal  to  each  other. " 

In  a  very  interesting  paper  by  Messrs.  G.  W.  Hyde  and  W.  J.  Smith,* 
a  series  of  experiments  to  determine  the  permeability  of  cements  and 
cement  mortars  was  made,  and  these  experiments  were  with  both 
Portland  and  natural  cements,  neat  and  with  varying  proportions  of 
water.  They  demonstrated  very  clearly  that  neat  cements  under  jjress- 
ures  of  75,  100  and  200  lbs.  per  square  inch,  made  in  short  6-in. 
cylinders,  3  ins.  in  diameter,  showed  practically  no  permeability  to 
water  in  28  days,  and  only  in  the  case  of  three  of  the  samples  in  7  days. 
Witfi  sand,  however,  the  permeability  increased  as  the  percentages  of 
sand  were  increased,  the  mixtures  of  1:1  giving  much  better  results 
than  the  2: 1  samples. 

The  coachisions  which  the  writers  drew  from  their  experiments 
were: 

"The  results  show  that  all  cements  are  not  permeable  to  water,  at 
least  for  thicknesses  of  not  less  than  3  ins.,  while  the  mortars  are  all 
permeable;  the  amount  increases  with  the  pressure  and  decreases  with 
age  of  specimen,  but  not  in  a  direct  ratio." 

Comparisons  are  made  by  these  writers  between  the  permeability 
of  cement  and  brick;  and,  referring  to  results  on  the  Vanne  Aqueduct, 
in  France,  they  show  that  a  conduit  of  beton-agglomere,  composed  of 
sand  and  cement,  showed  practically  complete  impermeability. 

Considerable  attention  was  given  to  this  subject  by  the  Italian 
engineers  in  charge  of  the  harbor  works  at  Genoa,  Italy,  and  many 
experiments  were  made  to  determine  the  porosity  and  permeability  of 
mortars.     Their  conclusions  were,  that: 

"The  porosity  of  mortars  depends  upon  the  existence  of  voids  of 
three  kinds:  first,  those  existing  between  the  grains  of  sand  or  poz- 
zuolana  and  not  completely  filled  by  the  cement  or  lime;  second,  those 
due  to  the  air  which  adheres  to  the  surfaces  of  the  grains;  and  third, 
those  left  by  the  evaporation  of  the  water  used  in  the  mixing." 

These  three  classes  of  voids  were  thoroughly  investigated  and  dis- 
cussed.    Theconclusions  arrived  at  were:  That  cement  mortars  are  less 
porous  than  those  made  of  hydraulic  lime  and  sand,  or  of  ordinary  lime 
and  pozzaolana;  that  cement  mortars  made  with  coarse  sand  are  less 
*  Journal  of  the  Franklin  Institute,  Philadelphia,  September,  1889. 
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Ir.  Lesley,  jjorous  than  those  made  with  fine  sand;  that  neat  cement  mortars  are 
moi'e  porous  than  those  made  with  sand;  and  that  the  proportions  be- 
tween the  voids  and  the  aj^parent  volume  of  the  mortar  may  vary  from 
12  to  46  i^er  cent. 

Paradoxical  as  it  may  seem,  comfirming  Feret's  experience,  how- 
ever, the  experiments  showed  that  the  permeability  of  mortars,  so  far 
■from  being  a  consequence  of  their  porosity,  is  in  fact  almost  inversely 
proportional  to  it.  The  exhaustive  expei'iments  made  in  this  connec- 
tion showed:  That  with  the  same  proportions  of  cement,  mortars  made 
with  fine  sand  are  less  permeable  than  those  made  with  coarse  sand; 
that,  with  the  same  quality  of  sand,  permeability  decreases  as  the 
proportion  of  cement  increases;  that  mortar  made  with  neat  cement  is 
the  least  permeable  of  all;  that  concrete  made  with  700  lbs.  of  Port- 
land cement,  1  cu.  yd.  of  mixed  sand,  and  IJ  cu.  yds.  of  small  gravel, 
and  moulded  in  the  shape  of  a  hollow  cylinder  with  a  shell  2|  ins. 
thick;  was  impermeable  under  a  head  of  water  of  13  ft.,  while  a  mortar 
made  with  the  same  amount  of  cement  and  sand,  but  without  gravel, 
and  moulded  in  the  same  way,  was  somewhat  permeable.  Under  a 
head  of  water  of  27  ft.,  the  concrete  was  barely  permeable,  while  the 
mortar  of  cement  and  sand  was  very  easily  permeated.  Concrete  made 
with  1  150  lbs.  of  Portland  cement,  1  cu.  yd.  of  mixed  sand,  and  1^ 
cu.  yds.  of  small  gravel,  mixed  very  accurately  with  the  quantity  of 
water  strictly  necessary  to  work  it  up  (say  ^  cu.  yd.  of  water),  was  im- 
permeable under  a  head  of  40  ft. 

The  effect  of  exposure  to  wave  action,  the  labor  required  in  the 
consti'uction  of  different  kinds  of  masonry,  and  the  adhesion  of  mortar 
to  different  materials,  were  also  studied  carefully  in  these  experi- 
ments. 

The  latest  paj^er  on  the  subject  is  one  by  Messrs.  J.  B.  Mclntyi'e 
and  A.  L.  True,  on  "  The  Permeability  of  Concrete  under  High  Water 
Pressures,"  which  was  presented  before  the  Thayer  School  of  Civil 
Engineering  in  1902,  covering  experiments  made  in  January  to  March, 
1902.  In  many  cases  these  experiments  were  made  under  conditions 
quite  similar  to  those  of  Messrs.  G.  W.  Hyde  and  W.  J.  Smith,  the 
apparatus  being  of  the  same  general  character,  and  the  i^ressures  being 
20,  40  and  HO  lbs.  per  square  inch,  the  time  of  the  test  lasting  two 
hours.  Two  brands  of  Portland  cement  were  used,  and  mortars  of 
1  :  1,  1  :  2  and  1  :  3  of  sand  were  made.  The  conclusions  drawn  from 
the  experiments  are  as  follows: 

"  From  the  tables  it  will  be  seen  that  several  of  the  mixtures  were 
practically  impermeable  to  water  at  the  jiressures  which  Ave  had  at  our 
disposal,  namely,  from  20  to  80  lbs.  i^er  square  inch. 

"All  the  specimens  composed  of  1  :  1  mortar  in  the  projjortion  of 
30,  35,  40  and  45%  of  the  whole  mass  were  impermeable.  Some  of  the 
si^ecimens  comi:)osed  of  1  :  2  mortar  in  the  proportions  of  40  and  4:5% 
were  also  imjiermeable,  as  Avell  as  the  mixtures  of  1  :  2  :  4  and  1:  2J  :  4. 
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"All  others  leaked  at  the  high  pressure,  and  in  a  general  way  may  Mr.  Lesley, 
be  said  to  have  shown  a  degree  of  imperviousness  in  direct  proportion 
to  the  proportion  of  mortar  in  them,  with  the  lower  pressures,  as  well 
as  with  80  lbs.  However,  as  the  object  was  to  secure  an  impermeable 
product,  the  greatest  attention  was  devoted  to  those  mixtures  which 
withstood  the  high  pi-essure. 

"  In  the  tests  it  has  been  assumed  that  the  amount  of  evaporation 
was  the  same  in  all  cases,  as  the  time  was  the  same  in  all  the  tests,  and 
the  temperature  practically  constant.  But,  at  the  same  time,  it  must  be 
granted  that  there  will  probably  be  some  error,  owing  to  the  different 
consistency  of  the  specimens  and  other  unavoidable  irregularities. 

"  On  account  of  this,  it  is  not  well,  in  drawing  conclusions,  to  lay 
much  stress  on  the  amount  of  water  absorbed  during  the  test  as 
affecting  the  quality  of  the  concrete  in  question;  that  is  to  say,  when 
the  amount  of  water  absorbed  was  only  a  few  grams  and  the  specimen 
showed  no  sign  of  leaking.  In  fact,  on  leaving  the  sjDecimens  under 
pressure  for  24  hours,  it  was  found  that  in  almost  every  case  the  spec- 
imen was  lighter  after  the  test  than  before,  evidently  owing  to  evap- 
oration. 

"  The  temjierature  of  the  room  was  about  50^  Fahr.,  and  remained 
nearly  constant,  and  the  air  was  far  from  dry,  there  being  several  tanks 
of  water  in  the  room  continually. 

"  The  results  show  a  decided  advantage  for  the  specimens  made 
from  cement  No.  1,  both  as  regards  the  amount  of  water  absorbed 
during  the  test  and  ability  to  withstand  the  highest  pressure  without 
sign  of  leakage.  It  appears  also  more  j^lainly  from  the  fact  that 
cement  No.  1  was  procured  in  the  open  market,  while  cement  No.  2 
was  sent  by  the  manufacturers,  who  knew  the  object  of  its  use. 
However,  No.  2  was  said  to  be  more  than  two  years  old,  and  thus 
might  not  have  been  a  first-rate  sample. 

"  The  specimens  which  showed  no  leak  in  2  hours  were  left  under 
pressure  for  24  hours,  and  at  the  end  of  that  time  no  leak  aiij^eared 
in  any  case. 

"  As  a  pressure  of  80  lbs.  per  square  inch  is  equivalent  to  a  head  of 
184  ft.,  and  the  thickness  of  the  concrete  was  only  5  ins.,  it  is  ijer- 
fectly  safe  to  conclude  that  a  concrete  of  the  proportions  of  any  of  the 
specimens  which  did  not  leak  under  80  lbs.  pressure  would  be  prac- 
tically impermeable  under  any  conditions  ordinarily  found  in  prac- 
tice. 

"  Of  the  various  mixtures,  we  may  safely  choose  either  1:2:4  or 
1:2^:  4,  on  account  of  their  simplicity  and  the  ease  with  which  they 
may  be  proportioned,  either  for  hand  or  machine  mixing.  In  extreme 
cases,  however,  it  might  be  advisable  to  use  one  of  the  richer  mixt- 
ures." 

As  far  as  these  general  experiments  on  the  question  of  the  per- 
meability of  mortars  show,  they  indicate  conclusively  that  neat  cement 
mortars  show  the  least  permeability,  and  that  mortars  with  fine  sand 
are  less  permeable  than  mortars  with  coarse  sand,  and  that  the  lessen- 
ing of  the  permeability  is  due  to  the  closing  of  the  pores  by  lime  in 
suspension,  which  is  carried  through  in  the  process  of  filtration  through 
the  mass,  which  ultimately  forms  a  coating  on  the  face  of  the  masonry. 

This  state  of  facts  was  shown  rather  clearly  in  experiments  by  the 
late  Alphonse  Fteley,   Past-President,  Am.    Soc.  C.  E.,  former  Chief 


120  DISCUSSION    ON    IMPERVIOUS    CONCRETE. 

Mr.  Lesley.  Engineer,  New  York  Aqueduct.  In  order  to  make  some  of  his  masonry 
on  tlie  New  York  Aqueduct  impermeable,  he  prepared  a  lime  and  cement 
wash,  with  which  the  surface  of  the  masonry  was  painted,  and  which 
closed  the  exterior  j^ores  of  the  cement  and  made  the  work  practically 
impermeable. 

A  practical  illustration  of  Feret's  experiment.^  was  shown  in  the  case 
of  a  large  concrete  tunnel  which  was  built  at  Hartford,  Conn.,  where, 
after  the  construction,  a  large  amount  of  efflorescence  and  small  sta- 
lactites and  stalagmites  showed  on  the  surface.  Attention  was  called 
to  this  as  a  fault  and  defect  in  the  masonry,  but  it  was  allowed  to 
remain  untouched,  and  the  tunnel,  though  built  in  a  particularly  damp 
place,  proved  absolutely  impermeable  to  water. 

*  The  basis  of  all  the  various  substances  which  it  is  suggested  to 
add  to  mortars  seems  to  be  alum,  fully  as  much  if  not  more  than  soap. 
Alum  has  already  been  added  in  the  making  of  hard  plaster,  and  the 
matei'ial  made  is  known  as  Parian  cement,  which  is  used  in  the  manu- 
facture of  artificial  marble  and  work  of  that  kind,  the  addition  of  the 
alum  forming  aluminated  sulphates  of  lime.  Beds  of  natural  Parian 
cement,  as  it  might  be  called,  have  been  discovered  in  Kansas,  where 
silicated  and  ahiminated  sulphates  of  lime  are  found.  These  substances 
are  water-proof,  in  which  they  dififer  from  the  ordinary  plasters  made 
of  sulphate  of  lime  alone. 

It  would  seem  that  possibly  a  cement  of  that  kind  might  be  very 
finely  ground  and  might  be  used  for  water-proofing  impermeable  mor- 
tars without  introducing  into  mortars,  soaps,  alum  or  other  substances, 
the  chemical  results  of  which  are  not  thoroughly  known  in  their  bear- 
ing upon  the  duration  of  the  mortar.  It  would  certainly  be  a  fatal 
thing  to  add  an  excess  of  alumina  to  the  ordinary  cement  mortar  where 
the  use  of  concrete  is  to  be  in  salt  water.  It  would  seem  to  the  speaker 
that  with  these  possible  dangers,  any  change  in  the  chemical  consti- 
tuents of  the  cement  by  the  addition  of  new  chemicals,  the  results  of 
which  are  not  known,  is  a  subject  that  ought  to  be  considered  very 
carefully. 

The  fineness  of  the  cement  seems  to  be  a  very  important  feature  in 
forming  a  coating  to  prevent  permeability.  It  is  known,  from  the 
examination  of  briquettes  which  have  been  kept  in  pans  with  water 
running  through,  that  at  early  stages  the  briquettes  when  broken,  even 
the  neat  ones,  shoAv  considerable  water  through  the  entire  mass;  but, 
in  the  sand  briquettes,  the  larger  the  admixture  of  sand,  the  larger  the 
percentage  of  water.  Now,  when  briquettes  of  neat  cement  are  kept 
from  month  to  month  and  from  year  to  year,  and  are  examined  and 
broken,  it  is  found  that  in  the  early  stages  there  is  a  small  core  of  dry 
material  which  forms  in  the  center  of  the  briquette — a  small  whitish- 
looking  core  which  is  absolutely  dry — and  as  those  neat  briquettes  are 

*  This  part  of  Mr.  Le.sley 's  discussion  was  added  after  hearing  the  remarks  of  Messrs. 
Croes,  Schaub,  Green,  Lowinson,  Cunningham  and  Hatt. 
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kept  for  longer  periods,  and  up  to  four,  live  or  six  years,  it  is  found  Mr.  Lesley. 
that  that  drying  out  or  hardening  from  the  center  has  continued  and 
come  out  to  the  surface,  while  from  the  surface  inward  there  seems  to 
be  hardly  any  percolation  of  water  whatever.  This  is  not  the  case  with 
the  sand  briquettes.  On  the  contrary,  the  core  is  formed  much  more 
slowly  and  takes  much  longer  in  coming  to  the  surface.  Thus,  from 
this  i:)ractical  experiment  it  may  be  noticed — not  under  heads  of 
water,  but  right  under  the  ordinary  flowing  of  the  stream — that  cement 
seems  to  take  care  of  itself,  as  far  as  permeability  is  concerned,  and 
largely  in  i^roportion  to  the  fine  grinding  of  the  cement  and  the  char- 
acter of  the  coat  that  seems  to  be  formed  on  the  outside  to  rej^el  the 
water  ;  and  the  core  that  forms  on  the  inside  is  largely  dependent  on 
the  quality  and  the  character  of  sand  used. 

The  speaker's  theory  and  conclusions,  based  upon  all  that  has  been 
discovered,  and  especially  upon  Feret's  remarkable  experiments,  would 
seem  to  indicate  that  the  best  addition  to  cement  mortars  for  the  pur- 
pose of  making  them  impermeable,  according  to  the  theory  of  an 
exterior  coating  by  lime  carried  through  the  mass  during  tiltratioD, 
would  be  to  add  to  the  concrete,  at  the  time  of  mixing,  a  reasouablepro- 
portion  of  hydrate  of  lime,  or,  in  other  words  the  ordinary  slaked  lime 
of  commerce.  This  slaked  lime,  as  has  been  shown  by  exjjeriments  of 
the  late  Professor  De  Smedt,  formerly  of  the  Laboratory  of  the  District 
of  Columbia,  does  not  injure  cements  or  mortars;  does  not  cause  expan- 
sion; and  does  not  decrease  their  strength,  though  retarding  their 
setting  slightly.  Such  an  addition  would  be  perfectly  safe,  as  a  mat- 
ter of  practice,  and  would  form  in  the  mass  a  substance  which  would 
be  carried  by  filtration  and  close  the  poi'es,  form  efflorescences  or  sta- 
lactites and  stalagmites  on  the  surface,  and,  in  the  speaker's  judgment, 
though  he  knows  of  no  experiments  on  the  subject,  would  aid  largely 
in  making  mortars  impermeable.  Esjieriments  in  this  line  would  be 
most  valuable. 

J.  James  R.  Croes,  Past-President,  Am.  Soc.  C.  E. — The  j^ro^josi-  Mr.  croes. 
tion  for  discussion  is  whether  it  is  possible  to  make  concrete  which 
will  be  impervious  to  water.  This  is  a  very  different  thing  from 
making  an  existing  mass  of  concrete  impenetrable  by  water.  The 
latter  requires  only  the  application  of  an  impenetrable  coating  to  the 
surface  of  the  mass.  The  former  requires  the  entire  interior  comj)osi- 
tion  of  the  mass  to  be  such  that  water  will  not  percolate  through  it  at 
any  point. 

That  a  small  mass  of  concrete  can  be  made  which  will  be  entirely 
impervious  to  water,  is  incontrovertible.  The  question  is,  whether,  in 
practice,  a  number  of  such  small  masses  can  be  united  in  such  a 
manner  that  the  joints  between  them  will  be  imj^ermeable,  also. 
Theoretically,  there  is  no  doubt  that  they  can.  Practically,  the  diffi- 
culty is  in  securing  proper  manipulation  of  the  materials,  at  a  reason- 
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Mr.  Croes.  able  cost,  and  it  is  to  be  hoiied  that  the  disciission  of  the  subject  here 
will  elicit  descriptions  of  methods  used  by  various  practitioners  in 
constructing  large  masses  of  concrete,  and  statements  of  the  results 
obtained,  both  as  to  the  efficacy  of  the  means  used  and  the  exjaendi- 
ture  required  to  produce  certain  results. 

But  the  mechanical  combinations  and  the  manii^ulation  of  the 
materials  required  to  reduce  the  void  spaces  in  a  mass  of  fragments  of 
different  materials  to  a  minimum,  and  thus  prevent  the  percolation  of 
water,  are  not  the  only  points  to  be  considered.  Chemical  changes 
take  place  in  materials  thus  compounded,  and,  of  late  years,  studies 
have  been  made  of  the  action  produced  by  the  introduction  of  other 
substances  than  stone,  sand  and  water,  into  the  composition  of  the 
mass  which  is  to  be  made  impervious,  producing  chemical  action 
which  reduces  the  jjorosity  of  the  mass.  It  is  to  be  hoped  that  anyone 
who  has  taken  part  in  investigations  of  this  kind  will  contribute  to 
this  discussion. 

Mr.  Cunningham's  communication  refers  to  an  application  of  the 
Sylvester  process,  which  was  invented  about  sixty  years  ago  and  was 
used  with  success  on  the  exterior  of  walls  of  buildings.  It  was  ajjijlied 
to  the  gate-houses  of  the  Croton  Reservoir,  in  Central  Park,  New  York 
City,  and  is  described  in  the  Transactions*  of  this  Society.  That  was 
a  wash  of  soap  and  alum  applied  to  the  surface  of  a  brick  wall  to  pre- 
vent the  percolation  of  water  through  that  wall.  In  the  case  men- 
tioned by  Mr.  Cunningham  the  experimenter  mixed  all  his  materials 
together,  that  is,  the  soap,  the  water  and  the  alum  were  j^ut  in  as  con- 
stituent i^arts  of  the  mortar  itself,  and  the  chemical  action,  which 
in  the  case  of  the  wash  occurred  only  on  the  exterior  of  the  wall,  was 
made  applicable  to  the  whole  interior. 

In  the  case  of  the  cellar  mentioned  by  Mr.  Lowinson,  an  impervi- 
ous material  was  placed  between  the  layers  of  concrete.  That  was  not 
making  concrete  impervious  to  water,  but  was  simply  keejiing  the 
water  away  from  the  concrete. 

The  question  is,  can  the  concrete  itself  be  made  impervious,  and  it 
seems  to  the  speaker  that  the  experiment  mentioned  by  Mr.  Cunning- 
ham is  a  most  interesting  one,  and  one  which  is  capable  of  further 
amplification.  That  is,  of  producing  the  chemical  change  in  the  con- 
stituents, so  that  when  they  are  all  mixed  and  placed  together,  the 
water  will  not  penetrate  them.  Chemical  action  takes  place  in  the  whole 
of  the  wall,  and,  somehow  or  other,  the  pores  are  filled  up  by  the 
addition  of  the  soap  and  alum. 

Now,  can  we  not  make  a  concrete  which  contains  some  materials 
which  will  act  together  chemically?  The  comiiosition  of  concrete  is 
l^urely,  or  almost  entirely,  mechanical.  Can  some  substance  be  inti'o- 
duced  into  the  concrete  by  which  a  chemical  change  will  take  place, 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  I,  p.  203. 
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wliicli  will  make  that  concrete  thoroughly  impervioiTS  to  water?     This  Mr.  Croes. 
experiment  indicates  that  snch  can  be  done. 

Although  masonry  is  impermeable  to  water,  a  crack  may  occur  in 
it,  the  same  as  in  concrete.  It  is  desired  to  make  the  concrete  itself, 
in  the  mass,  impermeable  to  watei-,  but  cracks  cannot  be  prevented' 
from  occurring  on  account  of  unequal  settlement,  without  very  great 
care  in  construction.  "What  is  wanted  is  a  material  which,  when  made 
in  a  large  mass,  will  be  impermeable  to  water,  j^rovided  it  does  not 
crack  from  unequal  settlement,  or  expansion  and  contraction.  Either 
wall  or  either  material  will  be  impermeable,  but  if  a  crack  occurs,  the 
water  will  go  through  it. 

J.  W.  ScHAUB,  M.  Am.  Soc.  C.  E. — In  building  an  ordinary  concrete  Mr.  Schaub. 
cistern  to  hold  water,  all  that  is  necessary  to  make  the  concrete  im- 
pervious is  to  wash  the  walls  inside  with  grout.  Usixally  two  coats  of 
neat  cement  grout  are  sufficient  for  this  jjurpose.  This  coating  on  the 
inside  will  hold  the  water  in  the  cistern,  but  it  is  not  imj^ervious  to 
water  from  the  outside.  In  order  to  make  a  cistern  impervious  to 
water,  inside  and  outside,  it  would  be  necessary  to  wash  both  sides,  if 
possible,  with  grout.  This  is  exactly  what  should  be  expected;  the 
fine  particles  of  cement  closing  np  the  pores  of  the  concrete,  similar  to 
the  caulking  of  the  seams  of  a  water-tank  or  boiler.  In  order  to  make 
a  tank  hold  water  it  is  necessary  to  caulk  the  seams  from  the  inside; 
and,  in  order  to  make  it  impervious  to  water  from  the  outside  it  is 
necessary  to  caulk  the  seams  from  the  outside.  The  above  applies  to 
concrete  when  the  water  pressure  does  not  exceed  a  head  of,  say,  10  ft. 
For  pressures  greater  than  that,  the  wash  of  grout  does  not  suffice,  and, 
in  addition,  the  speaker  has  used  asphalt,  applied  hot,  with  a  mop, 
until  a  coat,  J  in.  thick,  covers  the  grout,  and  the  results  have  been 
entirely  satisfactory.  To  what  extent  this  can  be  cai-ried,  the  speaker 
is  not  prepared  to  say,  but  he  believes  that  a  coating  of  asphalt  J  in. 
thick,  in  addition  to  the  grout,  is  sufficient  for  a  water  pressure  of  60 
ft.,  and  he  has  recently  specified  this  coating  for  this  pressure. 

When  the  face  of  the  wall  to  be  water-pi-oofed  is  accessible,  it  is  a 
simple  matter  to  apply  the  washes  of  grout  and  hot  asj^halt.  If, 
however,  the  face  is  not  accessible,  the  speaker  knows  of  no  method 
to  be  used  to  make  that  face  impervious  to  water,  excepting  to  build 
the  wall  in  two  parts,  and  fill  the  core  or  hollow  space  between  the 
walls  with  asjahalt.  This  method  was  used  successfully  in  St.  Louis, 
several  years  ago,  in  stopping  leaks  in  a  conduit,  after  every  other 
method  had  failed.  To  be  sure,  a  coating  of  asphalt  is  noti^ermanent, 
but  nothing  is  permanent  in  this  world,  and  a  coating  of  this  kind, 
where  exposed  to  the  direct  action  of  water,  will  have  to  be  renewed 
about  every  ten  years,  the  water  acting  on  the  asphalt  as  a  solvent,  as 
it  does  on  everything  else.  Where  the  asphalt  is  used  to  fill  up  the 
cores  in  a  wall,  it  will  probably  last  as  long  as  the  wall. 
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Mr.  Scliaub.  In  case  the  concrete  is  reinforced  with  steel,  it  becomes  almost 
necessary  to  make  the  concrete  impervious  to  water,  for  it  has  been 
shown,*  by  M.  Breuille,  a  French  engineer,  that  a  chemical  union 
takes  place,  between  the  metal  and  the  cement,  forming  silicate  of 
iron,  which  is  soluble  in  water.  When  this  salt  has  been  dissolved, 
the  bond  between  the  metal  and  the  concrete  is  destroyed,  and  there- 
fore the  combination  of  the  concrete  and  steel  is  no  longer  steel-con- 
crete, but  a  conglomerate  of  two  substances  which  have  nothing  in 
common,  excejiting,  perhaps,  their  coeflScient  of  linear  expansion.  M. 
Breuille  has  also  shown  that,  where  concrete  has  been  protected  by 
means  of  an  asphalt  covering,  this  union  or  bond  between  the  concrete 
and  the  steel  has  not  been  destroyed  by  the  action  of  the  water.  The 
conclusion  to  be  drawn,  is,  that  the  concrete  should  have  a  coat  of 
asphalt,  or  some  other  form  of  water-proofing,  in  order  to  make  it 
impervious  to  -water. 

The  speaker  would  suggest  that  this  question,  together  with  the 
entire  matter  of  steel-concrete,  be  referred  to  a  Special  Committee  of 
this  Society. 
Mr.  Green.  B.  R.  Gkeen,  M.  Am.  Soc.  C.  E. — The  question  appears  to  be 
simple.  Of  course,  it  stands  to  reason  that  any  concrete  to  be  water- 
tight must  be  so  nearly  solid — the  interstices  of  the  component  ma- 
terials or  aggregates  so  well  filled — ^that  there  shall  exist  in  the  mass 
no  interstices  or  connected  porosity,  through  which  water  can  find  its 
way  from  one  side  to  the  other.  Most  stones  are  permeable  to  water.  It 
will  soak  into  them.  This  is  indicated  by  the  tendency  of  some  cements 
to  stain  stones  that  are  embedded  in  or  backed  up  with  them,  and  by 
the  earth  stains  found  at  greater  or  less  depth  in  exposed  rocks  in  nature. 
Building  sand  consists  of  very  small  stones.  Even  pure  cement,  after 
becoming  indurated  or  set,  will  also  soak  water  somewhat,  especially 
if  not  ground  to  extreme  fineness. 

If,  therefore,  the  materials  of  which  concrete  is  composed  are  per- 
meable to  water,  the  concrete  itself  must  be  so,  even  if  so  well  made  as 
to  be  free  from  porosity  or  spaces  between  the  stones,  particles  of 
sand,  and  cement.  But,  while  water  will  soak  through  these  materials, 
it  is  known  that  its  progress  is  very  slow,  so  slow  that  under  slight 
heads  of  water  thick  and  carefully  built  concrete  walls  will  keep 
quite  dry  on  the  outside  if  exposed  to  drying  air,  the  water  evaporat- 
ing as  fast  as  it  reaches  the  surface.  This  seems  to  be  the  whole 
story. 

It  would  be  very  easy  to  determine  by  experiment  the  coefficient 
of  soakage  of  pure  cement  for  different  thicknesses  of  wall  and 
different  heads  of  water,  and  the  same  for  cement  mortar  with  good 
quartz  sand. 

The  speaker  firmly  believes  that  cement  concrete  can  be  made  as 

*  Annates  des  Fonts  et  Chaussees. 
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water-tight  as  a  stone  wall,  but  not  absolutely  moisture-proof,  with-  Mr.  Green, 
out  the  application  or  insertion  of  a  coating  or  core  of  some  perfectly 
impervious  material  like  asphalt. 

Oscar  LowiNSON,  Assoc.  M.  Am.  Soc.  C.  E. — About  four  years  ago  Mr.  Lowinson. 
the  speaker  had  an  experience,  recalled  by  the  remarks  of  Mr.  Green, 
in  reference  to  the  means  by  which  concrete  can  be  made  water-tight. 
He  tried  to  build  a  cellar  on  South  Street,  in  New  York  City,  which 
was  to  be  made  impervious  to  water  against  a  head  of  about  6  ft.  The 
building  is  located  about  100  ft.  from  the  dock  line  of  the  river.  The 
intention  was  to  put  a  damp-course  on  a  properly  prepared  bed  of 
6  ins.  of  concrete;  this  course  to  be  water-proof,  and  on  top  of  the 
damp-course  18  ins.  of  concrete,  this  having  been  computed  to  be  of  suf- 
ficient strength  to  resist  the  upward  pressure  of  the  water.  The  cellar 
was  about  48  x  70  ft.  in  area.  The  theory  was  that  if  the  damp-course 
were  not  punctured,  the  only  work  the  upi^er  layer  of  concrete  Avould 
have  to  do  would  be  to  act  as  a  medium  to  resist  the  hydraulic  pressure; 
however,  lest  a  leak  might  occur  in  the  damp-course,  this  top  layer  of 
concrete  was  to  be  made  most  carefully,  it  having  been  the  sjjeaker's 
opinion  that  the  concrete  in  it  would  keep  the  water  out.  The 
speaker  was  present  during  the  greater  i^art  of  the  time  when  this  con- 
crete was  being  mixed.  The  job  was  done  continuously,  and,  in  that 
manner,  no  unfinished  edge  was  permitted  to  set.  Some  six  weeks 
after  the  completion  of  the  job  a  sweat  appeared  at  the  lowest  part  of 
the  cellar,  which  had  been  graded  so  as  to  jjermit  baling  out  in  case 
water  might  gather.  At  the  end  of  another  Aveek  several  pailfuls  of 
water  had  gathered,  and,  from  that  time  on,  the  water  found  its  way 
into  the  cellar  at  the  rate  of  about  a  pailful  a  day.  There  was  no 
question  but  that  the  water-proofing  had  been  punctured,  and  also 
that  the  water  had  found  its  way  over  the  concrete,  but  what  surprised 
the  speaker  and  caused  him  to  conclude  that  his  ideas  as  to  the  imper- 
viousu33s  of  any  concrete  required  revision  was,  that  when  he  went  to 
trace  the  source  of  the  stream  the  puncture  was  found  18  ft.  from 
where  the  dampness  appeared  upon  the  surface.  Several  attempts 
were  made  to  repair  this  leak,  but  with  no  success,  and  the  whole  was 
finally  removed,  with  the  exception  of  the  bottom  layer,  which  had 
served  as  a  bed  for  the  water-proofing. 

This  cellar  was  made  over  twice  again  with  the  same  result,  costing 
the  contractor  more  than  five  times  the  amount  of  his  contract.  The 
cellar  was  built  finally  in  a  different  way.  On  top  of  the  water-jiroof 
layer,  a  layer  of  brick  in  a  bituminous  mortar  was  placed,  and  15  ins. 
of  concrete  placed  on  top  of  the  brick.  This  was  successful,  and  the 
cellar  is  perfectly  tight  to-day.  The  concrete  used  for  the  layer  was 
composed  of  1  i)art  Saylor's  Portland  cement,  2  parts  Cow  Bay  sand 
aud  4  parts  small  broken  stone.  The  speaker  believes  that  the  stone 
was  not  greater  than  1  in.  in  diameter.  Then  there  was  a  2-in.  cream 
of  Portland  cement  and  sand  floated  on,  for  a  finished  surface.     The 


126  DISCUSSION"    ON    IMPERVIOUS   COKCRETE. 

Mr. Lowinson.  concrete  was  mixed  to   a  consistency  that   caused  it  to  sweat  when 
thoroughly  rammed. 

The  concrete  was  mixed  as  follows:  The  sand  and  cement  were  first 
mixed  and  wet,  the  wet  broken  stone  was  put  on  top,  the  whole  turned 
three  times  and  the  entire  batch  put  in  place  within  thirty  minutes 
from  the  time  mixing  began. 

Some  of  the  remarks  made  in  reference  to  this  subject  bring  to  the 
speaker's  mind  a  j)aper  which  he  heard  read  last  spring,  by  Mr.  Maxi- 
milian Toch,  at  a  meeting  of  the  New  York  Section  of  the  Society  of 
Chemical  Industry,  on  the  preservation  of  materials  of  construction, 
in  which  was  x'l'opounded  a  theory  which  so  interested  the  speaker 
that  he  suggested  to  Mr.  Toch  that  a  like  paper  read  before  the 
Amei'ican  Society  of  Civil  Engineers  would  be  productive  of  consider- 
able discussion  and  most  likely  lead  to  valuable  results. 

The  theory  advanced  by  him  was  this:  A  thin  layer  of  very  fine 
cement,  entirely  free  from  all  the  elements  that  cause  or  aid  oxida- 
tion or  disintegration,  can  be  apj)lied  so  that  it  will  change  the  initial 
condition  of  the  surface  exposed  to  dampness,  so  that,  instead  of  being 
Ijorous,  or  exerting  capillary  action,  the  effect  upon  the  moisture  or 
water  would  be  similar  to  the  action  of  oil  on  water,  causing  a  repulsive, 
instead  of  attractive,  infliience.  Mr.  Toch  was  assisted  in  the  jjrepa- 
ration  of  this  paper  by  Clifford  Richardson,  Assoc.  Am.  Soc.  C.  E., 
and  the  results  that  they  had  attained  made  the  speaker  believe  that 
the  theory  was  quite  plausible. 

The  matter  referred  to  interests  the  speaker  in  his  building  work, 
and  he  has  used  this  material  since  as  a  cement  wash  on  the  surface  of 
a  building  in  New  York  City.  It  has  now  been  in  place  some  three 
months,  and,  so  far,  it  appears  to  have  kept  out  the  moisture  where, 
before  that  time,  dampness  had  iDcnetrated.  It  differs  from  the  ordi- 
nary cement  wash  in  that  it  sets  almost  immediately,  does  not  flake, 
and  is  not  washed  off  by  the  rain. 

There  is  a  possibility  that  concrete  can  be  made  impervious  to 
water  or  dampness  by  an  application  of  this  kind,  and  this  is  a  matter 
worthy  of  the  best  study  that  can  be  applied  to  it.  In  order  to  make 
it  impervious,  it  would  be  necessary  to  ajjply  this  wash  on  both 
surfaces  of  the  concrete. 
Mr.  Cunning-  Edwakd  CUNNINGHAM,  Esq.  (by  letter). — The  writer  recently  made 
some  tests  for  water-proofing  mortar,  which,  though  crude,  were  entirely 
satisfactory. 

Using  the  materials  at  hand,  two  vessels,  having  an  internal  diam- 
eter of  11^  ins.  and  an  outer  diameter  of  12  ins.,  and  about  26  ins.  deep, 
were  made  in  the  following  manner:  A  sheet  of  "chicken  wire"  was 
rolled  and  wrapped  with  wrapping  paper.  This  was  placed  on  a  square 
board  and  filled  with  sand,  making  a  heavy  core.  A  split  12-in.  terra 
cotta  side-collector  pipe  was  used  for  an  outer  shell  and  placed  about 
the  core,  leaving  a  space  of  approximately  ^  in.  between  the  core  and 
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the  pipe.  This  space  was  then  filled  with  rather  wet  mortar,  which  Mr.  Cunnmg- 
was  worked  down  by  "ramming"  with  thin  narrow  sticks.  "When 
filled  to  the  top,  a  bottom  was  formed  over  the  saad  core.  Mechani- 
cally, the  two  vessels  were  as  nearly  alike  as  they  could  be  made  from 
such  simple  materials.  The  paper  was  not  a  so-called  water-proof  pajjer. 
The  pipes  were  slightly  greased  before  placing,  in  order  to  prevent  the 
cement  from  sticking. 

The  mortar  placed  in  the  first  vessel  was  of  the  ordinary  2  : 1  mixt- 
ure, in  which  was  used  Allegheny  River  sand,  as  it  came  from  the  pile. 
The  mortar  for  the  second  vessel  contained  the  same  proportions  of 
cement  and  sand,  with  the  addition  of  1%  of  the  weight  of  the  sand 
and  cement  in  powdered  alum,  and  1%  of  the  weight  of  the  water  in 
yellow  soap.  The  alum  was  mixed  in  the  sand  and  cement  while  dry, 
and  the  soap  had  been  dissolved  in  the  water. 

The  difi"erence  in  the  texture  of  the  two  vessels,  when  taken  from 
the  forms,  was  very  noticeable.  The  water-proofed  vessel  was  fine- 
grained and  close,  and  was  much  smoother  to  the  touch  than  the  other. 
Lids  of  roofing  slate  were  "rubbed"  on  after  putting  a  ring  of  near 
cement  around  the  top,  in  order  to  prevent  evaporation. 

After  about  three  months  the  vessels  were  filled  with  water.  The 
vessel  made  of  the  i^lain  mixtixre  immediately  began  to  sweat,  and 
"pin-holes"  to  weep.  On  damp  days  this  was  very  noticeable.  On 
dry,  windy  days  the  water  on  the  surface  of  the  vessel  was  apt  to  eva- 
porate as  quickly  as  it  seeped  through.  The  soap  and  alum  vessel 
developed  two  or  three  "  pin-holes,"  which  showed  slight  weeping, 
otherwise  it  was  dry.  Without  any  records,  the  writer's  recollection 
is  that  while  the  plain  vessel  was  losing  about  12  ins.  the  other  vessel 
lost  about  1  in.,  and  that  was  through  the  "pin-holes,"  the  surface 
never  appearing  generally  damp. 

In  plastering  the  inside  of  a  covered  clear-water  well,  a  potash  soft- 
soap  was  used.  The  water  for  the  plaster  was  used  from  a  barrel  into 
which  1|  lbs.  of  soap  was  put  for  each  five  buckets  of  water.  The 
alum  was  used  from  paper  bags  by  the  mixers,  a  bag  of  alum  to  a  bag 
of  cement.  As  the  walls  leaked  badly  the  contractor  did  this  part  of 
the  work  conscientiously.  The  mortar  was  fine  to  handle  with  the 
trowel,  but  the  masons,  frequently  nauseated  by  the  odor,  had  to  come 
out  to  ventilate  themselves. 

Two  plastering  coats  were  applied,  both  being  not  more  than  ^  in. 
thick.  The  writer's  instructions  were  simply  to  cover  up  the  stone  and 
make  no  attempt  to  bring  it  to  a  surface.  There  was  seldom  more  than 
^  in.  in  the  coating. 

The  results  were  entirely  satisfactory.  The  application  was  made 
when  there  was  no  leakage;  and,  when  rains  set  in,  in  the  fall,  the 
walls  remained  almost  entirely  dry. 

In  the  filtered- water  regulating  houses  the  18-in.  dividing  wall 
showed  no  leak  when  one  side  held  16  ft.  of  water.     In  the  clear- water 
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Mr.  Cunning-  well  there  was  sliglit  leakage  at  the  joint  between  the  work  from  the 
floor,  and  that  from  the  scaffold. 

There  are  some  soaps  in  which  the  potash  is  much  stronger  than  in 
others.  The  "  old-fashioned  "  soft-soap,  made  on  the  farms,  from  soap 
fats  and  wood  ashes  is  one  kind  of  potash  soap,  and  has  a  dark  color 
because  clean  fats  are  not  used.  The  soap  used  by  the  writer  was 
white,  because  made  of  clarified  fats,  and  was  expensite — 7^  cents  a 
pound — but  should  be  obtained  for  much  less.  It  came  in  bulk,  in 
barrels. 

Using  1  part  cement  to  2  jDarts  sand,  it  takes  from  two  to  three 
12-quart  buckets  of  water  for  each  barrel  of  cement  to  mix  mortar  to 
troweling  temper.  Concrete  requires  from  six  to  eight  buckets  of  water. 
The  wetness  or  dryness  of  the  sand  (except  the  very  extremes)  may  be 
disregarded,  as  laborers  will  vary  the  quantity  of  water,  from  batch  to 
batch. 

Lehigh  cement  is  put  up  in  bags  of  96  lbs.  each.  When  mortar  is 
mixed  in  the  proportions  of  2:1  there  will  be  approximately  100  lbs.  of 
cement  to  200  lbs.  of  sand,  therefore  the  alum  was  put  up  in  3-lb.  bags, 
and  one  bag  of  alum  was  used  with  each  bag  of  cement. 

Therefore  it  takes  3  X  4,  or  12  lbs.  of  alum  to  each  barrel  of  cement 
in  1  : 2  mixtures. 

The  extra  cost  would  be:    . 

Soap,   2  lbs.    (with  8  buckets,  or   200   lbs.    of 

water)  at  7|  cents 15  cents. 

Alum,  16  lbs.  (with  1:3  mixtures)  at  3J cents.  .     56      " 

Extra  cost  jier  batch  of  concrete 71      " 

In  a  concrete  proportioned  1:3:5,  each  batch  will  make  about  0.75 
cu.  yd.  of  masonry  in  place.  At  that  rate,  the  extra  cost  would  be, 
approximately,  $1  per  yard.  But  both  soap  and  alum,  in  larger  quan- 
tities and  in  grades  not  as  fine,  should  be  obtained  for  much  less 
money. 

The  writer,  however,  does  not  believe  that  it  is  at  all  necessary  to 
build  a  concrete  wall  in  this  manner,  as  a  2-in.  mortar  face  should  be 
ample.  In  the  filtration  works  at  Apollo,  a  skin  averagiug  less  than 
I  in.  in  thickness  seemed  to  be  sufiicient. 
Mr.  Hatt.  W.  K.  Hatt,  Assoc.  M.  Am.  Soc.  C.  E, — Various  solutions  have 
been  used  to  render  concretes  water-tight,  or  to  protect  stonework. 
Some  of  these  solutions  form  the  basis  of  j^atents  granted  for  the  man- 
ufacture of  artificial  stone.  The  speaker  has  experimented  with  two 
of  these:  silicate  of  soda,  and  alum  and  soap.  The  silicate  of  soda, 
called  water-glass,  is  used  locally  in  Northern  Indiana  as  a  surface 
coating  for  reservoirs  and  water  cisterns.  The  soap  and  alum  solution 
has  been  used  for  some  time,  as  alternate  coatings  for  the  surface  of 
masonry,  under  the  name  of  Sylvester's  wash. 
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Alum  forms  the  hardening  agent  of  many  patent  mixtures  for  making  Mr.  Hatt. 
artificial  stone.     One  patent,   granted  in  1876  to  L.  L.  Leathers,  for 
artificial  stone,  *  prescribes  a  mixture  of  cement  and  sand  moistened 
with  a  solution  formed  of  a  mixture  of  fat  and  lye  with  alum. 

The  speaker  was  confronted  a  few  years  ago  with  the  problem  of 
designing  a  mortar  for  use  in  forming  the  segments  or  plates  out  of 
which  burial  vaults  are  moulded.  These  burial  vaults  must  be  water- 
tight, and  since  the  expense  of  freight  soon  limits  the  area  to  which 
shipments  may  profitably  be  made,  the  mortar  should  be  as  light  as 
possible.  The  conditions  were  met  by  a  design  of  a  mortar  of  2  cement, 
and  5  fine  bituminous  ash  made  into  plates  strengthened  by  ordinary 
poultry  mesh.  Experiments  were  conducted  with  silicate  of  soda,  and 
with  the  alum  and  soap  solutions,  to  determine  the  effect  of  these  on 
the  strength  and  jjorosity  of  the  mortar.  The  following  results,  in 
general,  are  of  interest. 

The  effect  of  silicate  of  soda  is  to  diminish  the  strength  of  both  ash 
and  sand  mortars  more  than  50*'o,  and  to  diminish  the  absorption  of 
the  ash  mortars  about  50  per  cent. 

The  effect  of  alum  and  soap,  mixed  in  with  the  mortar  at  the  time 
it  is  gauged,  is  to  strengthen  and  harden  the  ash  mortar  about  50% 
and  to  diminish  its  absorption  by  50  per  cent.  A  soap  solution  alone  will 
diminish  the  absorption  (by  the  action  of  the  alkali  in  the  cement  on 
the  soap)  but  will  not  increase  the  strength. 

The  strength  of  the  sand  mortar  is  not  greatly  affected  by  the  soap 
and  alum,  but  its  absorption  is  decreased  about  50  per  cent.  The  eflect 
on  the  absor^jtion  was  measured  by  comparison  of  the  weight  of  water 
taken  up  by  briquettes  which  were  immersed  after  having  been  dried 
out.  Check  tests  were  made  by  measuring  the  water  which  percolated 
from  the  outside  through  the  walls  of  hollow  cylinders. 

The  speaker  believes  that  this  is  the  first  use  of  a  soap  and  alum 
solution  for  water-proofing,  in  place  of  the  usual  gauging  water. 

The  method  used  by  the  speaker  is  as  follows:  A  5%  solution  of 
ground  alum  and  water  is  prepared;  and  a  7%  sohation  of  soap  and 
water.  The  alum  solution  is  mixed  with  the  mortar  to  the  amount  of 
one-half  the  ordinary  gauging  water.  The  soap  solution  is  then 
applied  in  amount  to  bring  the  mortar  to  the  desired  plasticity.  The 
soap  and  alum,  acting  together,  cause  the  precipitation  of  an  insoluble 
compound  in  the  pores  of  the  mortar. 

A  solution  of  lye  and  alum  is  said  to  produce  the  same  effect. 

In  regard  to  the  problem  of  making  pipes,  the  French  engineers 
believe  that  in  order  to  make  a  concrete  pipe  hold  water,  a  sheet-iron 
tube  must  be  placed  inside  of  it  when  the  head  is  about  50  ft.,  and  such 
pipes  have  been  used  under  a  head  of  300  ft.  When  the  head  is  less 
than  50  ft.  they  make  a  reinforced  concrete  pipe  without  any  steel 
lining. 

*  Letters  Patent  No.  178  307. 
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Mr.  Beizner.  Thf.odoke  Belzner,  Jun.  Am.  Soc.  C.  E.  (by  letter). — The  writer 
has  read  with  much  interest  the  discussions  on  "  Impervious  Concrete," 
and  recalls  having  seen  specifications  of  water-f)roofing  calling  for  two 
layers  of  felt  in  ground  that  is  quite  dry,  and  whiere  there  is  water 
pressure  against  the  masonry  equal  to  12  ft.  there  should  be  used  not 
less  than  six  layers  of  felt.  When  the  water  ijressure  is  less  than 
12  ft.,  or  where  the  ground  is  damp,  from  three  to  six  layers  should  be 
used,  such  being  left  to  the  discretion  of  the  engineer  in  charge. 

The  writer  fii'mly  believes  that  concrete  can  be  made  impervious  to 
water,  but  not  at  a  reasonable  cost,  on  account  of  the  expense  of  the 
proper  application  of  the  materials. 

Some  time  ago  the  writer  examined  a  jack-arch  where  moisture 
appeared,  and  after  cutting  out  the  concrete,  about  18  ins.  square  and 
12  ins.  thick,  the  water-proofing  behind  it  was  found  to  be  punctured 
and  had  bulged  about  8  ins.,  caused  by  the  pressure  of  the  surface 
water.  The  water-proof  paper  was  removed  and  replaced,  and  the 
section  of  the  arch  replaced  with  brick  dipped  in  hot  asphalt,  and 
since  then  no  leaks  have  occurred. 

The  writer  has  had  some  experience  in  locating  leaks  in  steel- 
concrete  construction,  and  in  jack-  and  roof-  arches,  and  has  traced  to 
their  source  leaks  caused  by  surface  water,  and  in  some  cases,  has  found 
the  puncture  to  be  from  5  to  20  ft.,  or  more,  from  where  the  dampness 
aj^peared  upon  the  surface. 

When  moisture  aiijjears  on  a  wall  it  does  not  necessarily  indicate 
that  the  leak  is  directly  behind  it;  the  source  may  be  a  great  distance 
from  where  the  sweat  appears. 
Mr.  Thompson.  Santord  E.  THOMPSON,  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — The 
writer's  attention  was  first  called  to  the  possibility  o|  making  pure 
concrete  of  very  thin  section  imjiervious  to  water,  by  a  visit  to  the  fil- 
tration works  of  the  East  Jersey  Water  Company,  at  Little  Falls,  N.  J.,* 
through  the  courtesy  of  the  Resident  Engineer,  William  B.  Fuller, 
M.  Am.  Soc.  C.  E.  A  circular  w-all  of  reinforced  concrete,  15  ins.  in 
thickness  at  the  bottom,  and  withstanding,  either  upon  the  inside  or  the 
outside,  a  pressure  of  water  of  more  than  40  ft.  in  depth  without  leak- 
age, proves  beyond  question  the  possibility  of  laying  concrete  which 
is  practically  impermeable.  Another  example  of  concrete  construction, 
at  the  same  plant,  no  less  remarkable,  in  view  of  the  difficulties  usually 
encountered  in  placing  a  thin  wall  of  reinforced  concrete,  is  a  circular 
tank,  4  ft.  in  diameter  and  holding  water  to  a  depth  of  4  ft.,  with  wall 
and  bottom  only  3  ins.  thick. 

The  double-track  tunnel  between  Boston  and  East  Boston,  built 
under  the   harbor   by   the   Boston   Transit    Commission!,  Howard  A. 

*  See  paper  describing  this  plant,  by  George  W.  Fuller,  Assoc.  M.  Am.  Soc.  C.  E., 
Transactions.  Am.  Soc.  C.  E..  Vol"  L.,  p.  394:  and  discussion  thereon  by  Mr.  William  B 
Fuller,  on  p.  45;^. 

+  See  Seventh  Annual  Report.  Boston  Transit  Commission.  1901. 
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Carson,  M.  Am.  Soc.  C.  E.,  Chief  Engineer,  illustrates  the  construction,  Mr.  Thompsou. 
under  difficult  conditions,  of  concrete  which  could  not  be  laid  as  a 
monolith,  but  had  to  be  built  in  sections  30  ins.  in  length.  The  thick- 
ness of  the  arch  and  walls  is  38  ins.,  and  at  high  water  the  dej^th  of  the 
roof  below  the  surface  of  the  harbor  may  be  as  great  as  70  ft.  The 
writer  observed,  when  walking  through  the  tunnel  soon  after  the  air 
pressure  was  removed,  that  the  only  leakage  consisted  of  percolations 
at  the  joints  between  the  sections  of  concrete  laid  on  difi'erent  days. 
These  emitted  a  scarcely  appreciable  volume  of  water,  and  were  being 
closed  by  forcing  in  neat-cement  grout  iinder  pressure. 

It  is  generally  agreed  by  engineers,  m  this  country  and  abroad, 
who  are  accustomed  to  placing  concrete  which  is  to  withstand  the 
percolation  of  water,  that  the  essential  elements  for  impermeability 

are: 

An  aggregate  (including  sand)  proportioned  for  great  density; 

An  excess  of  eement; 

A  wet  mi.xture  carefully  placed; 

Monolithic  construction. 

The  addition  of  foreign  substances,  such  as  soap  and  alum,  slaked 
lime,  or  pozzuolana,  has  for  its  chief  object  the  introduction  of  very 
finely  divided  matter  into  the  jjores  of  the  concrete,  and  as  long  as 
the  cohesion  of  the  cement  is  not  iujuied,  it  makes  very  little  difier- 
ence,  as  regards  the  permeability,  whether  their  action  is  chemical  or 
mechanical.  A  mechanical  additioo  may  actually  increase  the  strength 
as  well  as  the  impermeability,  simply  by  increasing  the  density,  and, 
therefore,  may  replace  a  portion  of  the  cement,  which,  as  the  finest 
ground  material  in  ordinary  concrete,  must  otherwise  fill  all  the  resid- 
ual voids  in  the  aggregate,  with  a  surplus  to  provide  for  imperfect  mix- 
ing. Clay  has  been  suggested  as  a  suitable  ingredient  for  increasing  the 
density,  as  laboratory  tests  tend  to  show  that  a  small  admixture  of 
clay  increases  rather  than  diminishes  the  strength  of  mortars.  While 
in  the  laboratory  this  might  be  proved  effective,  its  use  in  the  field 
would  probably  be  imjiracticable  because  of  the  tendency  of  its  parti- 
cles to  adhere,  and  form  balls  having  slight  cohesion. 

M.  Feret,  in  France,  has  recently  been  conducting  a  series  of  experi- 
ments* to  determine  the  effects  of  mixing,  by  grinding  together,  mate- 
rials of  a  pozzuolanic  character  with  cement,  to  be  used  in  sea  water. 
Specimens  in  the  air  were  injured  by  the  introduction  of  this  material, 
but  those  exposed  to  sea  water  were  improved.  By  comparison  with 
specimens  to  which  had  been  added  matter  of  the  same  fineness  as  the 
pozzuolana,  but  inert  in  character,  the  action  is  proved  to  be,  at  least 
in  part,  a  chemical  one,  and  the  results  not  merely  due  to  the  greater 
density  obtained  by  the  more  perfect  filling  of  the  voids. 

The  relation  between  porosity  and  permeability,  which  has  been 

*  Annates  des  Fonts  et  Chaussees,  1901,  Part  IV,  p.  195. 
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Mr.  Thompson,  referred  to  by  Mr.  Lesley,  is  misleading.  Altliongh  M.  Alexandre,  as 
quoted  by  M.  Feret,  shows  that  the  more  porous  mortars  are  some- 
times the  less  permeable,  this  prineijDle  cannot  be  applied  strictly  to 
concrete,  because,  in  a  porous  concrete,  as  the  term  is  generally 
accepted,  the  voids  are  apt  to  be  of  such  size  that  the  capillary  action 
.of  the  water  contained  in  them  is  insignificant.  One  of  M.  Feret's 
most  important  deductions  has  a  clear  bearing  upon  this  point: 

"  It  must  not  be  understood,  however,  that  the  quantity  of  water 
which,  under  a  given  pressure,  traverses  a  mortar  during  a  given  time 
is  necessarily  proportional  to  the  total  volume  of  voids  in  the  mortar. 
It  depends  especially  upon  the  size  of  the  voids  considered  sej^arately. 
Thus  it  is  that  if  one  compares  a  series  of  mortars  obtained  by  combin- 
ing equal  weights  of  the  same  cement  with  sands  of  increasingly  large 
dimensions,  it  is  noted  that  the  ]jermeability  may  be  very  slight  for  the 
first  and  considerable  for  the  following,  although  the  real  volume  of 
solid  material  entering  into  the  unit  volume  of  the  mortars  goes  on 
increasing  at  the  same  time  with  the  size  of  the  sand."* 

Mortars  made  with  fine  sand,  however,  M.  Feret  states,  although 
less  permeable,  are  apt  to  be  more  easily  acted  upon  by  sea  water. 
Considering,  now,  mixed  sands,  M.Alexander  has  shown  by  experiments 
that  these  are  less  permeable  than  either  coarse  or  fine  silted  sand 
alone,  and  Table  No.  1,  from  his  paper  on  Hydraulic  Mortars, f  shows 
the  results  of  his  experiments  with  different  sizes  of  screened  sand, 
and  also  the  effect  of  time,  and  of  varying  the  proportion  of  cement 
to  sand,  upon  the  percolation  of  water  through  a  thickness  of  4  cm.  of 
mortar. 

TABLE  No.  1. 


Character  of  Mortar. 

Time   for   0.025  Liter  of  Water  to 
Percolate  under  a  Head  of  0.50  M. 

Quan- 
tity of 
cement 
per 
cubic 
meter 

of 
sand. 

Propor- 
tions    of 
cement 
to 
sand 
by 
weight.  $ 

Size  of  sand. 

At  the 
beginning. 

After 
one  month. 

Passing 

screens 

with  meshes 

per 
decimeter  :t 

Corresponding 

to  screens 

having  meshes 

per 

linear  inch  4 

After  two 
months. 

Coarse  (35  to 
45). 

6i  to  lU       1 

45  to  72      - 
Equal    parts  1 

(6A  to  Hi) 

(lii  to  15i)  ' 
(23"  to    28)  ■ 
(36    to    45) 
(45    to    72). 

250  kgr. 
400   " 
550    " 
250    " 
400    " 
550    " 

250    " 
400    " 
550    " 

1  :5.4 
1:8.4 
1:  2.4 
1:5.4 
1:3.4 
1:2.4 

1  :5.9 
1 :  3.7 
1:2.7 

Instantaneous. 
Instantaneous. 

5  seconds. 

45  seconds. 

20  minutes. 

45  minutes. 

1  minute. 

45  minutes. 

3  hours. 

Instantaneous. 

15  minutes. 

24  hours. 

2  hours. 
5  hours. 

24  hours. 

3  hours. 
30  hours. 

Several  days. 

1  minute. 
24  hours. 

Fine   (175   to 
280). 

Mixed   equal 
parts 

(25  to  45) 

(45  to  60) 

(90  to  110) 

(140  to  175) 
(175  to  290). 

*  Annates  des  Fonts  et  Chaussees,  1892,  Part  II,  p.  91. 
i  An7i.ales  des  Fonts  et  Chaussees,  1890,  Part  II,  p.  407. 
t  Columns  compUed  by  the  writer  from  data  given  by  Alexandi-e. 
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The  mixed  sands  undoubtedly  reduce  the  size  of  the  voids,  and  as  Mr.  Thompson, 
at  the  same  time  they  give  greater  density,  they  are  consequently  to 
be  selected  in  j)reference  to  either  the  coarse  or  the  fine.  Extending 
this  principle  to  the  coarser  materials  of  the  aggregate  in  concrete, 
the  conclusion  is  reached  that  the  selection  of  materials  to  produce 
greatest  impermeability  coincides  with  the  selection  of  materials  for 
maximum  strength,  that  is,  the  proportioning  of  the  aggregate  so  that 
the  grains  of  any  one  size  will  be  sufficient  in  quantity  to  fill  the  voids 
of  the  larger  sizes. 

It  is  obvious  that  a  mass  containing  voids  or  "  pockets  "  such  as  we 
invariably  see  in  concrete  mixed  with  an  exceedingly  small  percentage 
of  water,  and  sometimes  also  in  concrete  mixed  wet  but  laid  carelessly 
so  that  the  mortar  is  allowed  to  run  away  from  the  stones,  is  more  perme- 
able than  a  mixture  which  to  the  eye  is  dense  and  compact.  In  regard  to 
the  more  minute  voids  the  conclusion  is  not  so  clear,  the  advocates  of 
dry-mixed  concrete  claiming  that  the  surplus  water  when  evaporating 
leaves  voids  which  reduce  the  density  of  the  mass.  Mr.  William  B. 
Fuller,  a  chamjiion  of  the  wet  mixture,  has,  on  the  other  hand, 
asserted  that,  in  his  belief,  the  greater  specific  gravity  of  the  solids 
causes  them  to  expel  the  surplus  water.  Experiments,  in  collabora- 
tion with  Frederick  W.  Taylor,  M.  E.,  which  the  writer  now  has  under 
way,  and  which  he  hopes  at  a  later  date  to  present  to  the  Society,  tend 
to  prove  the  correctness  of  Mr.  Fuller's  theory.  Careful  measurements 
of  specimens,  of  both  mortar  and  concrete,  made  with  varying  per- 
centages of  water,  show,  after  setting,  almost  identical  volumes,  and, 
therefore,  nearly  equal  density.  A  dry  mixture,  however,  to  bring  it 
to  this  point,  requires  very  violent  ramming,  harder  than  can  be  given 
in  liractical  work,  while  the  very  wet  mixtures  need  to  be  merely 
"joggled." 

With  the  latter  specimens,  water,  varying  in  amount  with  the 
quantity  used  in  the  mix,  rises  at  once  to  the  surface,  and  if  the  mould 
is  tight  and  the  solid  materials  are  carefully  proportioned,  it  may 
remain  there  until  it  evaporates,  or  until  taken  up  by  the  capillary 
action  of  the  mass. 

William  B.  Fullek,  M.  Am.  Soc.  C.  E.  (by  letter). — This  topic  is  Mr.  Fuller, 
immediately  divided,  in  the  writer's  mind,  into  two: 

First. — Is  it  jjossible  to  make  concrete  so  that  the  concrete  mass 
itself  is  impervious  to  water? 

Secoii'L—Ia  it  jiossible  to  design  concrete  structures  so  that,  no 
matter  how  they  may  be  afiected  by  temperature  and  other  external 
causes,  they  will  still  remain  water-tight? 

Taking  up  this  question  from  the  first  point  of  view,  it  would  seem 
that  it  is  purely  a  question  of  finance.  It  is  well  known  that  neat 
cement  is  practically  water-tight  under  ordinary  pressures  when  made 
into  hardened  mortar,  well  trowelled  down  on  all  surfaces  which  come 
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Mr.  Fuller,  into  contact  with  water,  and  is  as  impermeable  as  the  best  of  natural 
rocks  used  for  building  purposes.  The  addition  of  sand  and  stone  to 
cement,  while,  incidentally,  it  has  other  advantages,  is  done  principally 
to  reduce  the  cost,  and  the  question  as  to  the  extent  to  which  this  can 
be  done  without  reducing  the  impermeability  of  the  mass  is,  the 
writer  assumes,  the  exteat  of  the  topic  under  discussion. 

It  has  been  generally  assumed  by  many  writers  on  the  subject,  in 
textbooks  and  elsewhere,  that  the  addition  of  as  much  as  2  parts  of 
sand  and  4  parts  of  stone  will  have  no  practicable  effect  in  increasing 
the  permeability  of  the  mass.  It  seems  to  the  -wi'iter,  however,  that 
this  question  of  permeability  is  one  intimately  related  with  the  skill 
in  which  the  ingredients  of  the  concrete  are  mixed  together  and  placed 
in  position. 

It  is  well  known  that  by  unskilful  methods  of  manipulation  even 
the  very  best  materials  can  be  so  placed  in  position  that  there  will  be 
channels  established  throughout  the  mass  through  which  water  can 
percolate,  and  it  is  also  conceivable  that  by  au  ideal  mixture  of  simply 
properly  graded  sizes  of  sand  and  stone,  impermeability  to  Avater 
could  be  obtained  without  the  use  of  any  cement  whatever.  Some- 
where between  these  two  extremes  will  lie  the  mean  of  ordinary 
practice  in  concrete  construction. 

Stones  having  a  diameter  of,  say,  3  ins.  when  placed  together  will 
have  large  voids  between  the  adjacent  stones.  If  now  these  voids  are 
filled  with  other  stones  of  exactly  the  right  size  and  the  voids  thus 
obtained  are  again  filled  with  smaller  stones  and  this  grading  is  con- 
tinued down  until  very  fine  sand  is  being  used,  so  fine  that  caj^illary 
action  will  jjrevent  the  passage  of  water  iinder  ordinary  pressure,  the 
result  will  be  au  impermeable  mass. 

In  an  ideal  mixture,  therefore,  cement  would  be  used  only  as  rei>- 
resenting  the  very  finest  of  sand  in  filling  the  capillary  voids,  which 
were  left  by  other  materials,  and  for  holding  these  materials  in  their 
proper  places. 

In  practice,  it  has  been  assumed,  ordinarily,  that  the  cheapest  of 
labor  is  sufficient  for  the  making  of  good  concrete,  it  being  customary 
to  use  large  quantities  of  cement  and  pay  little  or  no  attention  to  the 
reduction  of  voids  to  their  smallest  dimensions  by  the  grading  of  the 
stone  and  sand.  As  a  matter  of  fact,  the  use  of  unskilled  labor,  no 
matter  what  the  richness  of  the  concrete  may  be,  always  introduces 
the  probability  that  a  i3ortion  of  the  mass  will  be  placed  improperly 
and  may  therefore  be  jjermeable;  moreover,  even  if  the  richer  concrete 
could  be  made  water-tight  by  unskilled  labor,  it  still  would  be  cheaper 
to  employ  skilled  labor,  as  the  skilful  mixture  of  the  ingredients  will 
allow  of  a  large  decrease  in  the  quantity  of  cement,  and  result  in  a 
uniform  and  impermeable  product. 

For  examjjle:  With  care  in  the  selection,  mixing  and  placing  of  the 
ingredients,  concrete  having  the  i>roi)ortions  of,  say,  1  jaart   cement, 
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3  parts  sand  and  7  parts  stone  should  be  as  impermeable  a  concrete  hav-  Mr.  Fuller 
ingthejiroportions  of  1  part  cement,  2  parts  sand  and  4  parts  stone.  In 
one  case  there  would  be  about  li  bbls.  of  cement  used  in  each  cubic 
yard  of  concrete,  and  in  the  other  case  there  would  be  about  1  barrel. 
This  represents  a  saving  of  33%"  in  the  value  of  the  cement,  while  the 
additional  cost  of  the  skilled  labor  would  be  very  small. 

The  question  as  to  whether  concrete  should  be  placed  by  the  wet 
or  by  the  dry  method  is  one  of  secondary  importance,  provided  the 
proper  skill  is  obtained.  The  general  trend  of  modern  concrete  con- 
struction is  to  place  the  concrete  very  wet,  thus  insuring  the  filling  of 
voids  with  less  skill  on  the  part  of  the  laborer  than  is  required  when 
the  concrete  is  placed  dry.  The  writer  is  of  the  opinion  that  consid- 
erable extra  insurance  as  to  the  quality  of  the  work  can  be  secured  by 
reversing  the  ordinary  process  of  machine  mixing.  In  order  to  secure 
impermeability,  it  is  absolutely  necessary  that  every  particle  of  sand 
be  coated  with  cement,  and  that  this  cement  and  sand  surround  every 
Ijarticle  of  stone,  so  that  the  stones  or  the  sand  grains  do  not  actually 
come  into  contact  with  one  another.  To  insure  this  result,  the  writer 
is  a  strong  advocate  of  machine-mixed  concrete,  using  one  of  the  newer 
types  of  machines,  such  as  the  Ransome,  Smith  or  Chicago  mixers, 
into  which  the  water  can  be  gauged  accurately,  and  in  which  the  entire 
j)rocess  of  mixing  is  continuously  under  the  eye  of  a  skilled  observer. 
By  the  use  of  such  a  machine,  introducing  a  measured  quantity  of 
water  first,  and  then  introducing  the  cement,  there  is  made  a  liquid 
grout  which  will  run  easily  into  the  most  minute  voids  of  the  sand. 
The  sand  being  introduced  next  into  this  grout  becomes  coated  in  the 
shortest  space  of  time,  and  the  mortar  thus  made  is  still  quite  liquid 
and  enabled  to  flow  into  all  the  voids  of  the  stone.  In  the  writer's 
opinion,  a  much  more  intimate  contact  between  the  materials  of  the 
aggregate  is  secured  thereby. 

Taking  up  the  second  part  of  the  discussion,  the  writer  believes 
the  question  can  only  be  answered  by  experience.  Small  structures, 
say  not  exceeding  GO  ft.  in  any  dimension,  can  be  designed  so  as  to 
take  up  temperature  stress  without  the  introduction  of  iron,  but  very 
careful  attention  must  be  paid  to  all  details;  the  fundamental  principle 
being  that  all  parts  shall  be  equally  strong,  so  that  the  whole  structure 
acts  as  a  monolith,  expanding  and  contracting  from  one  point  as  a 
center.  By  the  introduction  of  iron,  cracks  can  be  confined  to  certain 
definite  places  which  may  be  treated  as  joints,  and,  in  the  majority  of 
cases,  such  joints  may  be  made  water-tight.  The  ideal  water-tight 
joint,  however,  has  yet  to  be  invented,  and  it  is  in  this  direction  that 
we  must  look  for  improvement  in  the  design  of  large  water-tight 
concrete  structures. 
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AUTOMATIC  MODULES 

FOR  REGULATING  THE  SPEED 

OF   FILTRATION  * 

By  Charles  Anthony,  Jr.,  M.  Am.  Soc.  C.  E. 


With  Discussion  by  Messrs.  John  H.  Gregory,  W.  R.  Copeland, 
J.  W.  HiiiL  AND  Charles  Anthony,  Jr. 


Now  that  the  importance  of  keeiiing  the  velocity  of  sand  filtration 
constant,  and  below  a  given  maximum,  while  providing  the  means  of 
gradually  increasing  that  velocity  after  each  cleansing  of  the  sand 
surface,  has  come  to  be  universally  recognized,  it  has  occurred 
to  the  writer  that  a  short  paper  treating  on  the  various  forms 
of  module,  or  controller,  that  have  been  designed  with  this  object 
might  be  of  interest. 

Numerous  forms  of  semi-automatic  apparatus  of  this  description 
have  been  devised,  but  as,  under  the  law  of  the  survival  of  the  fittest, 
they  appear  to  be  doomed  to  speedy  extinction,  at  all  events  for  the 
purpose  in  view,  it  has  not  been  considered  expedient  to  include  any 
special  mention  of  them  herein. 

Before  i^roceeding  further,  it  may  be  well  to  point  out  the  require- 
ments which  an  apj^aratus  of  this  nature  should  fialfil.  They  are  two- 
fold: 

1st. — It  should  be  susceptible  of  adjustment  to  any  constant  dis- 
charge between  the  limits  zero  and  the  maximum  volume  required. 
*  Presented  at  the  Meeting  of  April  1st,  1903. 
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2d. — It  should  be  mechanically  simple,  and  of  a  durable  nature,  not 
rec[uiring  skilled  attention. 

All  modules  that  have  been  designed  by,  or  have  come  to  the  notice 
of,  the  writer,  of  which  a  list  is  appended  in  Table  No.  1,  belong  to  one 
or  other  of  the  following  four  categories : 

1st. — A  weir  or  orifice,  whether  surface  or  submerged,  maintained 
under  a  constant  head  by  its  own  movement. 

2d. — A  fixed,  submerged  weir,  or  orifice,  kej)t  under  constant  re- 
lative head. 

3d. — A  governed  motor,  passing  a  constant  volume  at  a  constant 
velocity. 

4th. — A  submerged  orifice,  closed  automatically  in  such  ratio  to  the 
head  as  to  give  a  uniform  discharge. 

TABLE  No.   1. 
Description  of  Module.  Means  of  Varying  the  Discharge. 

FiEST  Category. 

1.  Surface  weir  supported  by  float 

at  constant  depth Submergence  variable. 

2.  Surface  weir,  as  above Width  of  weir  variable. 

3.  Submerged  weir,  as  above Submergence  variable. 

4.  Submerged  weir,  as  above Size  of  orifice  variable. 

5.  Floating  siphon Head  variable. 

6.  Floating  siphon Size  of  orifice  variable. 

Second  Category. 

7.  Balanced  valve,  keeping  pressure 

constant  on  orifice Pressure  variable. 

8.  Balanced  valve,  keeping  pressure 

constant  on  oi-ifice Size  of  orifice  variable. 

9.  Head   on  submerged  weir   kept 

constant  by  relative  motion  of 
floats  on  up- and  down-stream 

sides Head  variable. 

10.  Head  on  submerged  weir  kept 
constant  by  relative  motion  of 
floats  on  up-  and  down-stream 
sides Size  of  orifice  variable. 
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Description  of  Module.  Means  of  Varying  the  Discharge. 

Thlrd  Categoey. 

11.  Turbine    or    motor,    driven    by 

passing  water,  and  governed. Speed  variable. 

12.  Turbine    or    motor,    driven    by 

j)assing  water,  and  governed .  Capacity  of  motor  variable. 

rOXTKTH  CaTEGOKY. 

13.  Paraboloid   moved  in  orifice  by 

float Discharge  cannot  be  varied. 

14.  Disc  or  sphere  moved  in  para- 

boloidal  tube  by  float Discharge  cannot  be  varied. 

15.  Pendulous    obstruction     moved 

and  varied  by  velocity  of  pass- 
ing water Discharge  cannot  be  varied. 

16.  Flat,  cylindrical  or  other  shaped 

valve    with    uniform    motion 
derived   from  float,  but  with 

curved  oriflce  or  orifices Variable,  in   the   latter   case    by 

closing  oft'  one  or  more  orifices. 

17.  Rectangular    aperture   or   aper- 

tures, in  flat  plate  or  cylindi'ical 
valve,  susceptible  of  two  rec- 
tilinear, or  rotary  and  vertical 
movements,     one    differential 
and  automatic;   the  other  ad- 
justable, to  vary  discharge. 
The   most   self-evident  forms  of  apparatus  for  attaining  the   end 
required   belong  to  the  first  class.     The   Glenfield  Jones,    a   simple 
surface-weir  variety,  is  illustrated  in  Fig.  1,  and  it  will  be  seen  that 
the  amount  of  discharge  is  regulated  by  varying  the  depth  of  submerg- 
ence of  the  weir.  This,  however,  is  an  imperfect  type,  as  friction  causes 
the  weir  to  be  more  or  less  submerged,  depending  on  whether  it  is 
floating  on  rising  or  falling  water,  and,  furthermore,  the  adjustment 
for  varying  the  discharge  is  cumbersome  and  inconvenient. 

A  better  arrangement  is  that  which  is  illustrated  in  Fig.  2,  in  which 
it  will  be  seen  that  the  substitution  of  a  submei-ged  form  of  weir 
reduces  greatly  the  error  due  to  friction,  since  difference  of  submer- 
sion has  less  effect.     The  adjustment  of  the  discharge  by  the  closure 
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of  orifices  is  not  only  simpler,  but  lends  itself  to  an  easy  method  of 
indicating,  on  a  graduated  dial,  the  rate  of  discharge,  seeing  that  the 
discharge  is  directly  proportional  to  the  amount  of  angular  move- 
ment of  the  inner  cylinder.  This  end  may  also  be  attained,  with  less 
friction,  by  the  pneumatic  device  illustrated  in  Fig.  3;  but  the  writer 
cannot  say  that  this  appears  to  him  to  be  a  hopeful  form,  on  account 
of  the  difficulty  of  keeping  the  upper  part  of  the  siphon  free  from 
air. 

To  the  Second  Category  belongs  the  constant- flow  valve  of  Profes- 
sor Fleming  Jenkins,  invented  in  1876,  of  which  Fig.  4  is  an  illustra- 
tion. 

A  simi^ler  form  has  been  illustrated  and  described*  by  Professor 
W.  E.  Burton. 

A  difficulty  encountered  when  trying  a  valve  of  this  form,  in  Buenos 
Ayres  some  years  ago,  was  the  blithering  set  up,  due  to  the  constant 
oscillation  of  the  valve  about  its  mean  position;  but  this  could  doubt- 
less be  overcome  by  a  judicious  damping  arrangement. 

Fig.  5  illustrates  a  somewhat  different  type  of  apparatiis  of  the 
same  class,  which  occurred  to  the  writer  on  reading  of  an  ingenious 
form  of  submerged  weir-gauge  constructed  by  Mr.  John  H.  Tudsbery- 
Turner  at  the  Yokohama  Water-Works. 

Class  3  needs  no  description,  nor  can  the  writer  call  to  mind  a 
single  case  in  which  this  principle  has  been  applied  in  practice. 

A  typical  examjjle  of  Class  4  is  Juan  Kibera's  Spanish  module,  a 
form  of  which,  designed  by  the  late  Mr.  J.  F.  La  Trobe  Bateman  for 
the  City  of  Buenos  Ayres  Water- Works,  is  illustrated  in  Fig.  6.  This 
would  coustitiite  an  elegant  solution  of  the  j^roblem,  did  the  appa- 
ratus fulfil  the  first  condition  laid  down.  Unfortunately,  it  does  not, 
as  it  is  not  susceptible  of  adjustment  for  varying  the  discharge  for 
which  it  was  designed;  the  prevalent  idea  that  the  discharge  may  be 
varied,  without  affecting  the  uniformity  of  the  flow,  by  an  initial  alter- 
ation in  the  jjosition  of  the  cone  in  the  diaj^hragm,  being  a  delusion. 

Fig.  7  illustrates  Appold's  module,  the  action  of  which  depends  on 
the  dynamic  effect  due  to  variation  of  velocity.  It  is,  therefore,  neces- 
sarily inaccurate;  and,  furthermore,  is  not  susceptible  of  adjustment 
for  varying  the  discharge. 

What  the  writer  believes  to  be  an  original  form  of  module  occurred 
to  him  in  1893.  The  fundamental  principle  of  this  form  consists  in 
*  Minutes  of  Proceedings,  Inst.  C.  E.,  Vol.  CXII,  p.  323. 
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the  closing  of  a  submerged  orifice,  or  orifices,  in  two  distinct  direc- 
tions, one  automatic  and  difi'erential,  the  other  by  hand  to  set  to  the 
discharge  required.  Fig.  8  shows  the  form  in  which  the  idea  first 
occurred  to  the  writer.  It  will  be  seen  that  the  apparatusconsists  of  two 
almost  touching  concentric  cylinders,  on  opposite  quadrants  of  each 
of  which  are  cut  two  similar  rectangular  apertures,  each  occupying  a 
little  less  thau  90°  of  the  circumference.  The  amount  of  opening  is 
varied  by  the  float,  which  causes  the  inner  cylinder  to  rotate  in  the 
ratio  of  the  square  root  of  the  head  to  which  they  are  exposed.  This 
is  effected  by  means  of  a  difi'erential  screw,  planted  or  cut  on  the 
hollow  central  shaft,  the  development  of  which  is  part  of  a  j^arabola. 
Fig.  9,  which  has  already  appeared  in  the  correspondence  on  the  City 
of  Buenos  Ayres  Sanitary  Improvement  Works,*  is  the  form  which,  for 
constructional  reasons,  best  pleased  the  then  Engineer  in  Chief  of 
those  w'orks,  Mr.  Charles  Nystromer. 

It  will  be  observed  that  the  order  of  movemeuts  is  the  reverse  of 
that  which  occurs  in  the  fu'st  form,  and  that  a  cam  has  been  substi- 
tuted for  the  difi'erential  screw.  It  should  be  pointed  out,  however, 
that  this  arraugemeat,  besides  entailing  greater  mechanical  complica- 
tion, labors  under  the  disadvantage  of  having  more  moving  parts 
under  water. 

The  form  illustrated  in  Fig.  8  is  not  theoretically  perfect,  as  in  the 
adjustment  for  discharge  the  differential  screw  is  lowered  or  raised  in 
the  guides  of  the  float  a  distance  twice  as  great  as  that  traversed  by 
the  centroid  of  the  apertures.  Although  this  error,  in  all  ordinary 
cases,  is  so  small  as  to  be  negligible,  it  may  be  eliminated  by  either  of 
the  devices  illustrated  in  Figs.  10  and  11;  in  the  former  by  closing  the 
orifices  coucentrically,  in  the  latter  by  preserving  constant  the  relative 
positions  of  the  differential  screw  and  of  the  centroid  of  the  ajjertures. 

As  a  matter  of  fact,  however,  the  writer  does  not  esteem  these 
devices  to  be  a  real  improvement  on  Fig.  8,  which  is  his  favorite  form, 
since  they  entail  greater  complication,  and  inevitably  give  rise  to  an 
increase  of  friction. 

As  it  may  be  objected  that  these  modules  would  necessitate  tedious 
calculation  and  difficult  shop  work,  in  the  shaping  of  the  differential 
screw  to  meet  each  special  case  of  change  in  the  maximum  and  mini- 
mum depth  of  orifice,  or  range  of  water  level,  it  may  be  pointed  out 
*  Minutes  of  Proceedings,  Inst.  C.  E.,  Vol.  CXXIV,  p.  86. 
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that  it  would  suffice  to  draw  out,  once  for  all,  the  develoisment  of  the 
screw  (which  is  a  parabola,  having  its  vertex  at  the  center  of  the  aper- 
ture), and  take  that  portion  of  it  comprised  between  the  maximum 
and  minimum  water  levels  of  the  special  case  under  consideration.  It 
will  thus  be  seen  that  the  construction  of  these  modules  is  no  more 
difficult  than  that  of  ordinary  sluice-valves,  and  that,  therefore,  they 
can  be  manufactured  and  stocked  like  any  other  ironwork. 

In  conclusion,  the  writer  hopes  that  the  foregoing  brief  analysis  of 
the  various  forms  of  automatic  module  which  have  come  under  his 
notice,  or  which  he  has  evolved,  may  be  found  useful  by  members  of 
the  profession,  when  designing  apparatus  of  a  like  nature. 


DISCUSSION    ON    AUTOMATIC    MODULES.  145 

DISCUSSION. 


John  H.  Gbegoey,  Assoc.    M.    Am.    Soc.    C.   E.    (by  letter). — The  Mr.  Gregory- 
author  presents  a  paper  on  a  subject  which  is  of  great  interest  to 
those  who  have  had  occasion  to  design  apparatus  for  regulating  the 
rate  of  filtration.     He  states,  in  the  second  paragraph: 

"  Numerous  forms  of  semi-automatic  apjiaratus  of  this  description 
have  been  devised,  but  as,  under  the  law  of  the  survival  of  the  fittest, 
they  appear  to  be  doomed  to  speedy  extinction,"  etc. 

It  is  presumedthat  the  author  intend 8  to  classify  under  "  semi-auto- 
matic apjiaratus  "  all  api^aratus  which  requires  hand  regiilation,  and  if 
such  is  the  case,  the  writer  differs  decidedly  from  the  statement  that 
such  apparatus  appears  to  be  doomed  to  sjieedy  extinction. 

The  author  goes  on  to  state  that  "  at  all  events,  for  the  purpose  in 
Tiew,  it  has  not  been  considered  expedient  to  include  any  special  men- 
tion of  them  (semi-automatic  apparatus)  herein."  The  author's  pur- 
jjose  was  to  describe  automatic  modules,  as  is  revealed  in  the  title  of 
the  paper,  but  the  writer  thinks  that  it  would  have  been  expedient  to 
describe  some  of  the  forms  of  semi-automatic  apparatus,  point  out  the 
defects  that  may  exist,  and  give  reasons  for  not  advocating  them. 

The  author,  possibly,  is  not  acquainted  with  recent  American  prac- 
tice in  this  line;  but,  if  so,  he  could  not  have  failed  to  note  that  in 
two  of  the  largest  and  most  recent  plants,  which  it  is  hoped  will  be 
placed  under  construction  in  the  near  future,  hand  regulation  has 
been  adopted.  The  writer  refers  to  the  proposed  slow  sand  filters  at 
Pittsburg,  the  construction  of  which,  unfortunately,  seems  to  be  post- 
poned for  some  little  time,  and  to  the  filters  at  Washington,  D.  C, 
contracts  for  which,  according  to  the  latest  i^ress  reports,  have  just  been 
awarded.  While  full  details  of  these  proposed  i^lants  have  not  been 
published,  sufiicient  details  have  appeared  in  American  engineering 
periodicals,  in  the  last  year  or  so,  to  show  that  hand  regulation  has 
been  the  type  adopted.  The  writer  knows  of  one  other  plant,  which 
hats  been  built  during  the  last  year,  in  which  hand  regulation  is  used. 
In  another  large  iDlant  which  is  to  be  built  shortly,  on  the  details  of 
which  the  writer  was  asked  to  advise,  the  unanimous  opinion  of  all 
concerned  was  in  favor  of  hand  regulation,  and  the  details  for  the 
plant  have  been  thus  drawn.  It  would  seem  from  this  that,  in  the 
United  States,  hand  regulation  or  semi-automatic  apparatus  is  not 
doomed  to  speedy  extinction. 

The  writer  has  had  considerable  experience  in  the  last  few  years  in 
designing  apparatus  of  both  automatic  and  semi-automatic  types,  and 
in  watching  the  operations  of  both,  and  it  may  be  of  interest  to  point 
out  some  of  the  advantages  and  disadvantages  of  each. 

While  connected  with  the  construction  of  the  Albany  filtration 
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Mr.  Gregory  plant,  designed  and  built  by  Allen  Hazen,  M.  Am.  Soc.  C.  E.,  he  had 
the  oiJiiortunity  of  watching  the  daily  operation  of  the  filters  for  sev- 
eral months.  The  ajjparatus  at  Albany,  as  is  well  known,  consists  of 
an  orifice,  4  ins.  high  and  24  ins.  long,  in  a  fixed  brass  plate,  situated 
in  a  cross-wall  in  the  regulating  chamber.  The  head  on  the  orifice  is 
maintained  at  a  constant  level  by  opening  or  closing  a  valve  on  the 
main  effluent  pipe  from  the  filter.  Suitable  floats,  with  scales  and 
markers,  indicate  the  rate  of  filtration  on  the  filter,  corresponding  to 
the  head  on  the  orifice.  The  apparatus  was  designed  so  that  with  a 
head  of  1  ft.  on  the  center  of  the  orifice  the  rate  of  filtration  would 
be  3  000  000  galls,  per  acre  per  24  hours,  and  the  orifice  was  placed  so 
that  the  loss  of  head  could  reach  a  maximum  of  4  ft.  while  still  main- 
taining the  head  of  1  ft.  on  the  orifice.  The  filters  were  designed  to 
run  at  a  normal  rate  of  3  000  000  galls,  per  acre  per  24  hoiu-s,  and  no 
difficulty  was  experienced  in  throttling  the  valve  on  the  effluent  pipe 
so  that  the  head  on  the  orifice  would  be  1.00  ft.,  or,  at  the  most,  1.01 
ft.  The  variation  in  rate  corresponding  to  these  two  heads  is  only  a 
fraction  of  1%,  and  is  so  small  that  it  may  be  neglected. 

After  a  filter  is  scrajjed,  and  when  it  is  put  in  service,  the  loss  of 
head  is  of  course  small,  only  a  few  hundredths  of  a  foot;  this  increases 
gradually  from  day  to  day,  slowly  at  first,  but  quite  rapidly  toward 
the  last  end  of  the  run  when  the  filter  is  clogged.  The  readings  of  the 
loss  of  head  and  rate  of  filtration  are  taken  every  few^  hours,  and,  if 
need  be,  the  effluent  valve  is  ojsened  slightly  to  bring  the  rate  of  fil- 
tration back  to  the  normal  rate  desired,  as  it  drops  off  slightly 
during  the  period.  This  dropping  off"  in  rate  is  only  a  small  amount, 
but,  of  course,  is  greater  toward  the  last  of  the  run;  in  both  cases,. 
however,  it  is  not  sufficient  to  affect  the  quality  of  the  filtrate. 

One  possible  objection  to  hand  regulation  in  separate  regulating^ 
houses  may  be  raised,  in  that  the  opportunity  is  afforded  the  attendant 
to  be  negligent  in  his  duties  of  regularly  visiting  the  filters,  and  with 
little  chance  of  detection.  The  larger  the  plant,  the  greater  the  objec- 
tion might  be;  but  the  writer  does  not  think  that  it  is  of  sufficient 
importance  to  govern  the  selection  of  the  type  of  apparatus  to  be  used, 
except  under  certain  abnormal  conditions.  He  believes  that  it  is  as 
easy  to  obtain  an  attendant  at  a  filter  plant  who  will  perform  his  duties 
faithfully  as  it  is  to  obtain  a  watchman,  who,  in  an  entirely  diff'erent 
kind  of  plant,  will  perform  other  duties  faithfully. 

If,  now,  instead  of  sejjarate  regulating  houses,  a  single  central 
regulating  house  is  used,  to  which  the  effluent  from  each  filter  is 
piped,  especially  if  the  offlce  is  in  the  same  building,  the  possible 
objection  to  hand  regulation  is  removed.  This  latter  is  an  arrange- 
ment which  the  writer  has  advocated  for  several  years  where  the  general 
lay-out  of  the  plant  is  such  as  to  admit  of  it. 

Hand  regulation,  whether  in  single  regulating  houses  or  in  a  cen- 
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tral  one,  is  advantageous  in  one  respect,  in  that  it  requires  periodical  Mr.  Gregory, 
attendance  at  each  filter,  thereby  ensuring  that  any  irregularity  will 
not  pass  long  unobserved.  With  apparatus  of  the  automatic  type  it 
is  possible,  of  coiirse,  to  lengthen  materially  the  period  between 
observations,  in  fact,  with  the  apparatus  set  at  a  given  rate  to  allow  it 
to  run  until  the  loss  of  head  is  so  great  that  the  filter  goes  out  of  ser- 
vice. Under  this  extreme  condition,  if  anything  went  wrong  it  would 
not  be  known.  On  the  other  hand,  with  satisfactory  automatic  appa- 
ratus, if  for  any  reason  the  attendance  for  a  short  time  is  omitted,  one 
can  feel  reasonably  assured  that  things  are  going  along  all  right. 
While  hand  regulation,  from  its  nature,  requires  periodic  attendance, 
the  ■writer  is  decidedly  of  the  opinion  that  automatic  apparatus  should 
receive  just  as  careful  attention,  if  the  operation  of  the  plant  is  to  be 
above  criticism. 

The  author  makes  a  very  convenient  classification  of  the  various 
automatic  modules,  and,  as  would  the  writer,  mentions  the  floating 
weir  first,  that  being  the  type  which  would  first  suggest  itself.  In  one 
of  the  figures,  the  author  illustrates  an  apparatus  of  this  tyi^e  which 
he  calls  the  Glenfield  Jones,  in  which  the  discharge  is  regulated  by 
varying  the  depth  of  submergence  of  the  weir;  and  in  commenting  on 
this  he  states  that: 

"This,  however,  is  an  imperfect  type,  as  friction  causes  the  weir  to 
be  more  or  less  submerged,  dejjending  on  whether  it  is  floating  on 
rising  or  falling  water,  and,  furthermore,  the  adjustment  for  varying 
the  discharge  is  cumbersome  and  inconvenient." 

As  to  whether  or  not  apparatus  of  this  type  is  imperfect,  it  would 
seem  to  depend  almost  entirely  on  the  design  of  the  details.  If  the 
sliding  joint  is  arranged  so  that  the  friction  is  an  aj^preciable  quantity, 
the  apparatus  will  be  more  or  less  imperfect;  but  experience  seems  to 
indicate  that  the  friction  at  this  point  can  be  reduced  to  such  a  small 
amount  that  it  can  be  neglected.  As  to  whether  or  not  the  adjustment 
for  varying  the  dischai'ge  is  cumbersome  and  inconvenient,  while  it 
may  be  so  with  the  apparatus  illustrated,  it  can  be  said  that  this  also 
depends  entirely  on  the  design  of  the  details.  The  writer  knows  that 
it  IS  possible  to  construct  apjjaratus  of  this  type  so  that  the  adjustment 
is  accomplished  in  the  simplest  manner  possible,  that  is,  by  turning  a 
hand- wheel  on  an  indicator  stand. 

While  considering  this  subject,  it  may  be  of  interest  to  illustrate 
three  sets  of  apparatus  of  this  type  which  were  designed  under  the 
writer's  direction  for  the  slow  sand  filters  at  Philadelphia.  The  figures 
are  only  drawn  in  sufficient  detail  to  indicate  the  general  design  and 
operation  of  the  apparatus. 

In  Fig.  12  is  shown  the  type  which  was  first  designed,  and  which 
is  now  in  use  at  the  six  filters  at  the  Lower  Roxborough  jjlant.  This 
consists  of  a  circular  copper  float,  F,  in  the  form  of  a  torus,  carrying 
above  and  secured  to  it  a  four- armed   cast-iron  spider,  Y,  through 
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Mr.  Gregory,  which  is  threaded  a  stem,  S,  at  the  hub,  A.  On  the  lower  end  of  the 
stem,  S,  is  carried  a  smaller  four-armed  spider,  K,  made  of  brass,  so 
joined  to  the  stem  at  B  that  it  can  turn  freely  in  a  horizontal  direction, 
but  without  any  vertical  movement  on  the  stem.  This  spider,  K, 
supports  a  vertical  brass  pipe,  T,  which,  for  convenience,  may  be 
called  the  telescopic  pipe,  the  top  of  which  forms  a  sharp-crested 
weir,  W,  over  which  the  water  flows.  This  telescopic  pipe  is  enclosed 
in  a  cast-iron  casing,  C,  the  lower  end  of  which  connects  with  the  main 
pipe  leading  to  the  flltered-water  basin.  The  telescopic  joint,  J, 
through  which  the  pipe,  T,  passes,  is  a  brass  ring,  and  is  arranged 
with  grooves  so  that  light  packing  could  be  inserted  if  desired.  The 
stem,  S,  is  of  brass,  the  lower  end  only  being  circular  and  threaded; 
above,  it  is  of  square  brass  tubing,  and  passes  up  through  a  circular 
hole  in  the  floor,  which  serves  to  guide  the  stem.  Above  the  floor  is 
placed  an  indicator  stand  with  a  hand-wheel.  The  stem  passes  up 
through  this  stand  without  being  connected  to  it,  the  hub  of  the 
hand-wheel  having  a  square  hole  through  it  slightly  larger  than  the 
stem. 

As  shown,  water  is  passing  over  the  crest  of  the  weir,  thereby  giv- 
ing a  certain  rate  of  filtration  on  the  filter.  If  it  is  desired  to  change 
the  rate,  this  is  accomplished  by  turning  the  hand- wheel  on  the  indi- 
cator stand.  By  doing  so,  the  stem,  S,  is  turned,  and,  as  it  is  threaded 
through  the  spider  at  A,  the  telescopic  pipe,  T,  is  raised  or  lowered 
with  reference  to  the  water  level,  correspondingly  decreasing  or 
increasing  the  rate.  In  order  that  the  float,  F,  shall  not  turn  with  the 
stem,  a  small  projecting  piece  is  fastened  to  it,  moving  along  the 
guide,  L,  which  is  fastened  to  the  wall. 

The  rate  of  filtration  is  indicated  by  a  pointer  moving  over  a  small 
horizontal  dial  at  G,  directly  under  the  hand-wheel.  The  movement 
of  this  pointer  is  accomplished  by  means  of  a  brass  collar,  with  a  square 
hole,  fitting  around  the  stem,  and  forming  the  worm  of  a  train  of 
gearing.  The  graduation  of  the  dial  is  determined  from  experiment 
rather  than  from  computation. 

The  weak  point  in  ajjparatus  of  this  tyjie  is,  of  course,  at  the  joint, 
J.  When  it  came  to  designing  this  joint,  three  styles  were  con- 
sidered, one  being  that  shown,  another  a  thin  plate  with  a  hole  very 
shghtly  larger  than  the  telescopic  pipe,  and  the  other  a  cup  leather. 
The  writer  rather  leaned  toward  the  leather  joint  or  the  thin  plate,  but 
after  discussion  it  was  finally  decided  to  adopt  the  one  shown,  with 
the  provision,  however,  that  the  design  should  be  such  that  either  of 
the  others  could  be  substituted  if  it  was  found  desirable.  It  should 
be  remarked  that  with  either  of  the  types  which  do  not  make  a  tight 
joint  at  J,  there  will  be  a  certain  amount  of  leakage,  greater,  of  course, 
at  the  first  of  the  run  when  the  head  is  greater;  but,  in  the  writer's 
©pinion,  this  leakage  would  be  so  small,  compared  with  the  amount 
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Mr.  Gregory,  passing  over  the  weir,  that  it  would  Bot  be  a  serious  matter.  This 
leakage,  however,  is  to  be  avoided  if  possible. 

After  this  apparatus  was  installed  it  was  found  that  with  the  joint 
as  designed  it  did  not  operate  satisfactorily.  The  writer  understands 
that  the  cup  leather  has  now  been  substituted  and  is  giving  very  satis- 
factory results. 

In  designing  both  sets  of  apparatus  it  was  intended  to  provide 
access  for  air  under  the  sheet  of  water,  and  it  was  thought  that  suffi- 
cient opening  had  been  provided  at  the  four  points  where  the  spider, 
K,  was  joined  to  the  jjipe.  It  was  expected,  however,  that  there 
would  be  some  entrained  air  carried  along  in  the  solid  column  of 
water  passing  down  through  the  telescopic  pipe,  due  to  the  agitation 
at  the  surface  produced  by  the  falling  sheet  of  water.  In  either  event 
it  was  not  anticipated  that  it  would  amount  to  much.  It  seems  that 
such,  however,  was  not  the  case,  and  that  there  has  been  some  little 
trouble  caused  by  air  being  sucked  in.  The  writer  has  not  had  the 
opportunity  of  studying  the  apparatus  for  any  length  of  time  while  in 
operation,  and  hence  cannot  suggest  what  he  would  consider  the  best 
way  of  remedying  it;  but,  from  his  knowledge  of  all  the  details,  sev- 
eral methods  have  suggested  themselves.  The  trouble  with  the  air  in 
the  water  passing  out  through  the  apparatus,  however,  does  not  aflfect 
the  satisfactory  operation  of  the  filter. 

When  it  came  to  designing  the  Upper  Roxborough  and  Belmont 
plants  it  was  found  desirable  to  raise  the  elevation  of  the  effluent  pipe 
leading  from  the  regulating  chambers.  This  resulted  in  a  modifica- 
tion of  the  design  of  the  regulating  apparatus,  which  modification  is 
shown  in  Fig.  13.  The  upper  part  of  the  apparatus  is  the  same  as 
that  just  described.  The  change  in  the  lower  part  is  indicated  clearly 
in  the  drawing.  The  object  in  providing  the  internal  casing,  C,  was 
to  prevent  a  possible  cramping  of  the  telescojaic  pipe,  T,  in  the  joint, 
./,  due  to  the  lateral  movement  of  the  water  as  it  passed  out  into  the 
efiiuent  pipe  leading  from  the  chamber.  This  modified  type  of  appa- 
ratus was  also  included  in  the  designs  of  the  Torresdale  plant,  to  be 
used  for  all  the  filters  except  one,  in  which  was  to  be  installed  a  still 
further  modified  type. 

All  the  apparatus  was  designed  to  run  for  a  maximum  rate  of  fil- 
tration of  6  000  000  galls,  per  acre  ]3er  24  hours,  and  ynih.  a  maximum 
loss  of  head  on  the  filter  of  5i  ft.  It  is  readily  seen,  then,  that  when 
the  filter  is  first  started  after  scraping,  the  water  passing  over  the  weir 
falls  several  feet,  causing  the  agitation  mentioned  previously.  It 
should  also  be  noted  that  during  the  run  the  telescopic  pipe  has  a 
vertical  movement  corresponding  to  the  total  loss  of  head,  and  a  con- 
sequent variation  in  leakage  if  a  tight  joint  is  not  used  at  J,  as  before 
stated.  It  was  in  an  attempt  to  improve  both  these  features  that  the 
apparatus  illustrated  in  Fig.  14  was  designed. 
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The  indicator  stand,  the  stem,  S,  the  joints,  A,  B  and  J,  and  the  Mr.  Gregory, 
float,  F,  are  the  same  as  described  previously.  The  spider,  K,  is 
lengthened  vertically,  but  has  no  connection  with  the  spider,  Y,  ex- 
cept through  the  stem,  S,  although  the  drawing  might  seem  to  indi- 
cate otherwise.  The  spider,  Y,  is  a  double  one,  the  upper  part  being 
similar  to  the  one  described  previously,  and  serving  the  same  purpose; 
the  lower  part  carries  a  vertical  valve  stem  at  N.  The  telescopic  pipe, 
1,  is  made  much  shorter,  while  the  outlet  casting,  D,  is  quite  different 
in  form.  Below  this  outlet  casting,  D,  there  is  a  solid  plate  with  an 
opening  at  R  for  the  valve  stem,  and  below  the  plate  there  is  a  bal- 
anced piston-valve,  placed  on  the  end  of  the  main  effluent  from  the 
filter.  This  valve  consists  of  a  hollow  internal  cylinder  or  piston,  P, 
with  openings,  surrounded  by  an  annular  casing,  also  with  openings. 
The  position  of  the  jaiston,  P,  is  controlled  by  the  float,  F.  The 
method  of  changing  the  rate  of  filtration,  as  with  the  other  types,  is 
by  changing  the  level  of  the  crest  of  the  weir,  W,  relative  to  the 
water  level  in  the  chamber. 

The  operation  of  the  apparatiTS  may  be  described  as  follows: 
When  the  filter  is  started,  after  scraping,  the  piston,  P,  will  be  at  its 
lowest  jaosition,  with  its  openings  oijposite  those  in  the  annular  casing. 
The  water  will  jjass  out  through  the  piston-valve  into  the  chamber, 
rising  up  around  the  float  and  passing  over  the  weir.  When  the  water 
has  reached  a  sufficient  elevation,  the  float  will  rise,  carrying  with  it 
the  piston,  P,  and  thereby  partly  closing  the  openings  in  the  annular 
casing.  The  float  will  rise  to  such  a  position  that  the  water  discharged 
through  the  piston-valve  will  be  the  same  as  that  passing  over  the 
weir,  in  which  position  the  apparatus  will  be  in  equilibrium.  The  dif- 
ference in  head  between  the  water  level  on  the  filter  and  in  the  cham- 
ber, minus  the  head  lost  in  passing  the  filter,  will  be  used  up  in 
passing  through  the  piston-valve.  At  the  beginning  of  a  run  this 
head  will  be  several  feet,  but  at  the  last  end  will  be  only  a  small 
amount.  If  at  any  time  the  rate  is  changed,  the  position  of  the  float 
and  piston  will  be  altered  slightly  to  correspond  to  the  new  condition 
of  affairs. 

It  will  be  seen,  then,  that  with  this  type  of  apparatus  the  water 
level  in  the  chamber  will  remain  practically  constant,  varying  at  the 
most  only  a  few  inches  instead  of  fluctuating  several  feet,  and  thereby 
giving  practically  a  constant  leakage  at  J,  if  a  tight  joint  is  not  used. 
The  telescopic  pipe,  T,  will  have  a  vertical  movement  of  only  a  few 
inches,  and  its  length  has  been  reduced  to  a  minimum.  A  cup-leather 
joint,  preferably,  would  be  used  at  R,  to  prevent  leakage  at  this 
point. 

The  writer  wishes  to  acknowledge  his  indebtedness  to  Mr.  L.  M. 
Lloyd  and  Mr.  F.  C.  Dunlap,  his  assistants,  for  several  valuable  sug- 
gestions in  working  out  the  details  of  the  three  types  of  apparatus 
just  described. 
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Mr.  Gregory.  In   Conclusion,  the   writer   would   add  to  the  two  requirements 

which  the  author  points  out  should  be  fulfilled  by  automatic  apparatus, 
a  third,  namely,  that  the  loss  of  head  caused  by  the  ajsparatus  should 
be  reduced  to  a  minimum.  In  the  Philadelphia  designs  it  was  this 
requirement  which  was  the  determining  factor  in  deciding  the  use  of 
the  floating  weir  in  which  the  submergence  of  the  weir  could  be 
varied. 

Mr.  Copeland.  W.  E.  CoPELAND,  Assoc.  Am.  Soc.  C  E.  (by  letter). — In  his  discus- 
sion on  automatic  modules,  Mr.  Gregory  describes  the  automatic 
weirs  which  are  used  to  regulate  the  rate  of  filtration  at  the  Rox- 
borough  filters  in  Philadelphia. 

By  glancing  at  the  diagrams.  Figs.  12,  13  and  14,  it  will  be  seen 
that  the  weirs  have  the  following  points  in  common:  They  are 
supported  by  floats  which  rise  and  fall  with  the  level  of  the  water 
in  the  filtered-water  chambers;  they  consist  of  jsipes  which  are  held 
in  a  vertical  position  by  spiders  attached  to  the  floats;  the  lower  part 
of  the  weir  pipe  slides  up  and  down  in  a  casing,  and  for  that  reason  it 
is  designated  a  "telescopic"  pipe;  the  water  in  the  filtered-water 
chamber  escapes  from  that  chamber  by  running  over  the  edge  of  the 
weir,  passing  down  through  the  telescopic  pipe  and  out  into  the- 
effluent  mains. 

The  principal  diff"erences  in  the  designs  of  the  "regulators"  are 
as  follows:  At  Lower  Roxborough  the  effluent  mains  are  fastened 
directly  to  the  bottom  of  the  casing  in  which  the  telescopic  pipe  slides, 
whereas  at  UpiJer  Roxborough  the  effluent  pipe  leads  ofi"  from  the 
side  of  the  casing;  moreover,  the  water  drops  farther  at  Lower  than  at 
Upper  Roxborough. 

In  falling,  the  column  of  descending  water  creates  a  partial 
vacuum.  In  order  to  prevent  this,  air  rushes  into  the  telescopic  pipe, 
both  at  the  center  and  behind  the  sheet  of  water.  A  portion  of  this^ 
air  mixes  or  becomes  "  entrained  "  with  the  water,  and,  under  certain 
conditions,  passes  out  through  the  bottom  of  the  telescopic  pipe  into 
the  effluent  mains. 

Commenting  ujaon  this  feature  of  the  action  of  the  automatic  weir, 
Mr.  Gregory  says: 

"It  was  expected,  however,  that  there  would  be  some  entrained  air 
carried  along  in  the  solid  column  of  water  passing  down  through  the 
telescopic  pipe,  due  to  the  agitation  at  the  surface  produced  by  the 
falling  sheet  of  water.  *  *  *  It  seems  *  *  *  that  there  has 
been  some  little  trouble  caused  by  air  being  sucked  in." 

The  "trouble"  to  which  he  refers  arose  from  the  formation  of  a 
water  hammer  which  was  so  severe  that  a  large  valve  on  the  outlet  of 
the  filtered-water  main  had  to  be  taken  ofl^,  in  order  to  prevent  the 
"hammer"  from  breaking  the  pipe  joints.  This  is  not  the  first  time 
that  trouble  has  been  caused  by  automatic  regulators  of  these  gen- 
eral designs.  In  1898  the  Filtration  Commission,  of  Pittsburg,*  made 
*  "  Report  of  the  Filtration  Commission,"  Pittsburg,  1899. 
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some  experiments  in  water  filtration  with  a  mechanical  filter  of  the 
so-called  "  Warren  "  type. 

As  at  Roxborough,  the  Warren  regulator  consisted  of  a  float  sup- 
porting a  weir,  but  in  this  case  the  weir  was  made  of  an  "orifice" 
plate  set  in  the  top  of 
the  telescopic  pipe,  and 
the  water  entered  the 
pipe  through  this  ori- 
fice. Air  was  sucked  in 
by  the  sheet  of  falling 
"water  at  the  center, 
and  through  air-pipes 
tapped  into  the  top  of 
the  telescopic  pipe  just 
below  the  orifice  plate. 
See  Fig.  15. 

The  column  of  water 
falling  downward  suck- 
ed in  air  to  a  consider- 
able degree,  as  is  shown 
in  the  following  state- 
ment :  * 

"  It  was  found  neces- 
sary to  allow  an  abund- 
ance of  air  to  enter  the 
top  of  the  central  pipe 
of  the  automatic  weir, 
to  prevent  a  vacuum 
from  being  formed  and 
thus  cause  the  float  and 
orifice  to  drop,  causing 
too  much  water  to  flow. 
The  entrance  of  the  air, 
however,  caused  serious 
over -registration  of  the 
(water)  meter  upon  the 
eflSiuent  pipe;  the  error 
occasioned  in  this  way 
reaching  13%  of  the 
volume  of  water  filtered. 
After  a  trial  of  various 
devices,  vents  were  ar- 
ranged which  reduced 
the  error  to  4  per  cent." 

The  vents  referred  to 
are  shown  on  the  right 


Mr.  Copeland 


WARREN   AUTOMATIC  WEIR     ' 
Fig.  15. 

of  Fig.  15,t  and  were  three  in  number.     The  largest,  6  ins.  in  diameter, 
was  placed  on  top  of  an  elbow  in  the  effluent  pipe  just  before  the 

*  "Report  of  the  Filtration  Commission,"  Pittsburg,  p.  158. 

+  "Report  of  the  Filtration  Commission,"  Pittsburg,  Plate  No.  16. 
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Mr.  Copeland.  meter.     The  other  vents  were  smaller  and  were  placed  on  top  of  the 
meter  in  order  to  release  the  air  which  passed  by  the  6-in.  vent. 

Although  some  air  was  sucked  in  through  the  air-pipes,  the  volume 
was  small.  It  produced  a  vacuum  of  about  2  ins.  on  a  mercury  column. 
Therefore  the  air  entrained  at  the  central  well  created  most  of  the 
trouble. 

The  volume  of  air  entrained  by  an  automatic  regulator  will  depend 
upon  several  factors. 

As  the  air  is  sucked  iu  because  of  the  downward  draft  caused  by 
the  falling  sheet  of  water,  the  distance  which  the  water  falls  is  an  im- 
portant factor  in  the  process  of  entraining  air.  Advantage  is  taken  of 
the  fact  that  the  "draft"  varies  with  the  distance  which  the  water 
falls  in  developing  power  by  turbines. 

The  manner  in  which  the  water  is  drawn  away  from  the  bottom  of 
the  telescopic  pipe  is  another  important  factor.  If,  for  instance,  the 
telescopic  pipe  discharges  directly  into  an  effluent  main  which  has 
considerable  slope,  or  upon  which  so  much  draft  is  made  that  the 
water  is  "drawn"  out  of  the  lower  part  of  the  casing  with  great 
rapidity,  the  pipe  will  be  emptied  to  the  very  bottom.  In  con- 
sequence of  this,  air,  forced  into  the  telescopic  pipe  by  the  downward 
rush  of  the  falling  sheet  of  water,  will  be  driven  into  the  effluent 
main. 

But,  if  the  telescopic  pipe  discharges  into  a  chamber  which  is 
arranged  in  such  a  manner  that  the  effluent  main  does  not  draw  the 
water  away  immediately  from  the  telescopic  pipe,  the  downward  cur- 
rent will  be  checked  before  the  water  enters  the  main.  As  a  result, 
the  level  of  the  water  will  tend  to  rise  in  the  telescopic  pipe, 
shortening  the  fall  and  preventing  the  entrained  air  from  being 
forced  into  the  main  to  a  considerable  degree. 

TABLE  No.  2. 


Regulator  designed  for: 

Maximum  distance  through 

which  the  water  falls 

(in  feet). 

Rate  of  flow  through  the 

telescopic  pipe. 

Linear  feet  per  second. 

Warren  Filter 

6 
15 

7.7 
2 

0  23 

Lower  Roxborough 

0  31 

Upper  Roxborough 

0  41 

Torresdale  (Special ) 

0  41 

The  volume  of  air  entrained  by  the  Warren  filter,  as  pointed  out 
in  a  former  i^aragraph,  was  measured  accidentally.  The  air  entrained 
by  the  Roxborough  regulators  has  never  been  measured,  but,  in  order 
to  give  an  idea  of  the  probable  action  of  these  weirs,  data  prepared 
for  the  Warren  and  Roxborough  filters  have  been  j^laeed  in  Table  No. 
2  for  comparison. 

From    the    figures    given    in    Table    No.  2    it    is  evident  that  the 
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*' length  of  fall"  and  the  "rates  of  flow"  are  greater  at  the  Rox- Mr.  Copeland 
borough  filters  than  they  were  for  the  Warren  filters.  Therefore,  it 
would  be  natural  to  expect  that  the  volume  of  air  entrained  would 
be  greater  at  Roxborough  than  at  Pittsburg.  The  air  entrained  at 
Lower  Roxborough  is  so  considerable  in  volume  that  the  theoretical 
deduction  seemed  to  be  borne  out  in  practice.  But,  at  the  time  of 
writing,  no  such  results  have  developed  at  Upper  Roxborough.  These 
filters,  however,  have  not  yet  been  given  a  test  at  their  maximum 
"  working  "  rate  of  filtration. 

By  comparing  the  diagrams  of  the  Warren  and  Lower  Roxborough 
:filters,  one  notes  that  the  methods  of  drawing  the  water  away  from  the 
telescopic  pipes  are  the  same,  namely,  by  direct  discharge  into  the 
effluent  mains.  The  telescopic  pipe  at  Upper  Roxborough  discharges 
into  an  "  outlet  casting,"  Z),  and  the  effluent  main  leads  oflf  from  this 
casting  at  a  point  several  feet  above  the  point  of  discharge. 

Whereas,  then,  the  water  is  taken  away  from  the  Lower  Rox- 
borough telescopic  pipes  by  what  may  be  called  "direct"  discharge, 
the  water  is  taken  away  at  Upper  Roxborough  by  what  may  be  called 
an  "  indirect  "  or  "  trapped  "  discharge. 

Instead,  therefore,  of  forcing  the  entrained  air  directly  into  the 
effluent  main,  as  at  Lower  Roxborough,  the  trap  at  Upper  Roxborough 
gives  the  air  a  chance  to  separate  from  the  water  before  it  enters  the 
effluent  main. 

Moreover,  no  matter  at  what  rate  of  filtration  the  lower  system 
may  be  operating,  the  steep  slopes  and  arrangement  of  the  effluent 
mains  will  always  draw  the  water  away  to  the  bottom  of  the  outlet 
casting;  but,  when  the  filters  run  at  low  rates  of  filtration  at  Upper 
Roxborough  and  the  filtered-water  reservoir  is  full,  the  traps  will 
"  back"  water  up  in  the  telescopic  pipes  of  the  regulators  until  the 
fall  is  shortened  to  only  about  2  ft. 

As  the  experience  at  Upper  Roxborough,  up  to  the  present  time, 
has  indicated  that  with  a  fall  of  2  or  3  ft.  only,  a  small  volume  of 
ail'  will  be  entrained,  it  is  probable  that  the  special  form  of  regulator 
designed  for  Torresdale  will  reduce,  to  a  considerable  degree,  the 
quantity  of  air  entrained. 

The  diagram  of  the  special  regulator  shows,  however,  that  the 
telescopic  pipe  is  very  short,  and  that  the  effluent  pipe  occupies  the 
larger  part  of  one  side  of  the  outlet  casting.  Therefore,  the  dis- 
charge from  this  regulator  is  direct,  and  any  air  entrained  by  the 
column  of  falling  water  will  be  forced  into  the  effluent  main,  just  as 
it  is  at  Lower  Roxborough. 

As  Mr.  Gregory  states,  the  entrained]air  does  not  affect  the  efficiency 
of  the  filters.  In  fact,  Mr.  John  W.  Hill  suggests  that  the  aeration 
which  this  air  will  produce  may  be  a  benefit.  But  the  action  of  the 
air  on  the  valves  and  pipe  lines  is  a  danger  which  can  be  removed  only 
by  getting  rid  of  the  air. 
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Mr.  Copeland.  Part  of  the  air  can  be  released  by  vents,  but  the  experience  with 
the  Warren  filter  at  Pittsburg  showed  that  the  escape  pipes  having 
an  area  greater  than  the  effluent  main  failed  to  remove  all  the  air  en- 
trained by  the  Warren  automatic  regulator. 

Therefore,  it  is  probable  that  vents  placed  on  the  top  of  the  "  out- 
let casting,  i),"  would  remove  part  but  not  all  of  the  air  entrained  by 
the  weir.  In  order  to  get  rid  of  the  remainder  of  the  air,  it  seems  to  the 
writer  that  the  diameter  of  the  first  length  of  the  outlet  main  should 
be  increased  to  double  its  present  size,  and  a  large  vent  placed  on  top 
at  the  outlet  end. 

By  increasing  the  diameter  of  the  pipe  the  rate  of  flow  through  the 
pipe  would  be  decreased,  and  a  better  chance  be  given  for  the  air  to 
separate  from  the  water. 

The  entrained  air  escapes  from  the  water  just  as  soon  as  it  reaches 
the  clear- water  reservoir.  But  if  it  should  ever  become  necessary  to 
"  by- pass  "  the  reservoir,  delivering  the  water  directly  into  the  city 
mains,  it  is  probable  that  the  air  entrained  by  the  automatic  floating 
weirs  might  break  some  of  the  joints  in  the  pipes. 

In  order  to  prevent  this,  the  floats  can  be  forced  under  water  until 
the  weirs  are  submerged  deep  enough  to  prevent  air  from  being  sucked 
in  at  the  center  of  the  regulators. 

When  the  weirs  are  submerged  in  this  manner  no  way  is  left  to  con- 
trol the  rate  of  filtration  except  by  opening  the  hand-valves  a  known 
number  of  turns.  Even  then  the  rates  are  likely  to  fluctuate  directly 
with  the  variation  in  the  consumption  of  the  water.  As  irregular  rates 
of  filtration  are  likely  to  interfere  with  the  processes* of  purification,  it 
is  very  desirable  to  install  regulating  devices  which  will  reduce 
"  personal  superintendence"  as  much  as  possible. 

Therefore,  if  controllers  can  be  made  which  will  run  automatically 
for  twelve  or  fifteen  hours,  and  if,  as  Mr.  Gregory  suggests,  the  con- 
trollers are  brought  from  several  filters  into  one  house,  the  regulation 
of  the  rates  of  filtration  can  be  kept  in  the  hands  of  the  engineer  in 
charge  of  the  plant. 
Mr.  Hill.  John  W.  Hill,  M.  Am.  Soc.  C.  E.  (by  letter). — The  experience  with 
plain  sand  filtration  in  Philadelphia,  at  the  testing  stations  located  on 
the  Schuylkill  and  Delaware  Rivers,  and  at  the  Roxborough  filters, 
indicates  that  it  is  extremely  desirable  that  filters  should  operate  at 
a  uniform  rate  of  percolation  per  unit  of  area  per  day.  Oddly  enough, 
it  is  sometimes  shown  that  a  rajsid  reduction  of  the  rate  of  filtration 
is  accompanied  by  an  increase  in  the  bacterial  content  of  the  effluents 
of  the  filters,  and  that  at  times  when  the  rates  are  increased  materially 
the  bacterial  content  diminishes  with  the  increased  rate.  These  are 
phenomena  which  are  still  to  be  investigated  to  determine  the  true 
causes  of  what  would  appear  to  be  anomalous  results. 

There  is    one  serious  defect  in  the  floating  circular  weir,  used  to 
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regulate  and  measure  the  rate  of  flow  from  the  Philadelphia  filters,  Mr.  Hill. 
as  pointed  out  in  one  of  the  discussions  on  this  paper,  viz.,  the  very 
large  quantity    of  air  carried  into  the  effluent  pipes  by  induction  or 
suction  of  the  annular  column  of  water  flowing  down  the  telescoping 
weir  pipe. 

All  the  plans  for  the  Philadelphia  filters  contained,  on  the  end  of 
the  efiluent  pipe,  where  it  enters  the  clear- water  basin,  an  automatic 
balanced  valve,  intended  to  adjust  the  rate  of  flow  from  the  filters  to 
the  clear- water  basin  in  such  a  manner  that  variations  in  the  elevation 
of  the  water  in  the  basin  would  cause  corresponding  variations  in  the 
rate  of  discharge  from  the  filters  (and  gradually  increase  or  diminish 
the  rate  of  flow  from  the  filters),  to  adapt  the  work  of  the  filters  to 
the  requirements  of  consumption;  but  the  large  quantity  of  air  carried 
down  the  telescoping  effluent  weir  pipes  rendered  impossible  the  use 
of  the  regulating  balanced  valve  at  the  clear- water  basin,  as  intended. 
Steps  are  now  being  taken  to  substitute  for  the  floating  weir  an  adjust- 
able submerged  orifice,  the  depth  of  submergence  of  the  orifice  re- 
maining constant  while  the  area  of  the  opening  will  be  adjustable  to 
the  varying  rates  of  flow  of  the  filters.  It  is  expected  that  the  change, 
in  this  direction,  will  avoid  the  introduction  of  the  large  volume  of 
air  which  now  passes  through  the  efliuent  pipe  along  with  the  water, 
and  not  only  interferes  with  the  proper  operation  of  the  main  effluent 
regulator,  placed  at  the  end  of  the  efliuent  pipe  in  the  clear-water 
basin,  but,  to  a  material  extent,  diminishes  the  capacity  of  the  effluent 
pipes,  and  causes  a  greater  loss  of  head,  in  effecting  the  discharge  of 
the  filtered  water  from  the  filters,  than  is  desirable. 

It  is  not  known  that  the  induction  of  air  constitutes  any  other  dis- 
advantage than  the  one  mentioned.  If  it  were  not  that  the  air  is 
in  contact  with  the  water  in  the  effluent  pipe  for  so  short  a  time  it 
might  be  said  that  the  aeration  of  the  filtered  water  flowing  over  the 
lip  of  the  weir  would  be  an  advantage;  certainly  it  could  not  be  con- 
sidered a  detriment,  although  in  this  manner  it  is  possible  that  air 
organisms  may  be  drawn  into  the  water  and  appear  in  the  cultivation 
of  samples  of  water  taken  from  the  clear-water  basin  for  analytical 
purposes. 

With  reference  to  an  automatic  module,  or  effluent  regulator,  there 
is  no  doubt  of  the  desirability  of  having  a  device  which  will  adjust 
itself  to  the  increasing  loss  of  head  in  the  operation  of  the  filters,  and 
maintain  a  constant  discharge  of  water  from  the  filters,  but,  unless 
such  a  device  is  absolutely  reliable,  there  is  a  question  whether  the 
adjustable  weir  at  Berlin,  or  the  adjustable  orifice  used  in  the  Ham- 
burg and  in  the  Albany  filters,  would  not  be  preferable  to  the  auto- 
matic regulator,  the  former  compelling  attention  upon  the  part  of  the 
filter  attendants,  and  a  constant  adjustment  of  the  weir  or  orifice  to 
the  fixed  rate  of  operation  of  the  filter. 
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Mr.  Hill.  In  the  original  form  of  the  Lindley  floating  weir  used  in  the  War- 
saw filters,  the  same  trouble  was  found  that  is  now  being  found 
with  the  Philadelphia  effluent  regulators,  and  recent  information  from. 
Mr.  I.  Lindley,  of  Warsaw,  shows  that  the  original  form  of  automatic 
regulators  has  been  superseded  by  a  form  containing  an  adjustable 
orifice  placed  below  the  surface  of  the  water,  with  more  satisfactory 
results  in  the  operation  of  the  automatic  regulators. 

It  is  the  practice,  in  the  works  of  the  East  London  Water  Company, 
to  regulate  the  flow  of  water  to  and  from  the  filters  by  valves  adjusted 
by  hand;  but  the  rate  of  j^ercolation  is  influenced  directly  by  the 
draught  of  water  by  the  pumps,  pumiDing  into  the  distributing  reser- 
voirs from  the  small  clear-water  basin  into  which  the  effluents  from 
the  filters  are  discharged. 

The  packing  designed  for  the  telescoping  tubes  of  the  Philadel- 
phia effluent  regulators  was  first  a  plain  stuffing-box,  and  later  a  water- 
packed  bronze  gland  through  which  the  telescoping  tube  moved  up 
and  down.  It  was  found  that  the  leakage,  however,  when  the  pack- 
ing was  adjusted  for  the  free  movement  of  the  telescoping  tubes,  was 
too  gre&t  to  admit  of  considering  the  automatic  weir  as  a  device  for 
the  measurement  of  the  rate  of  flow  from  the  filters,  and  in  due  time 
the  original  jjacking  devices  were  removed  and  self-adjusting  cup- 
leather  packings  substituted,  which  now  allow  the  floats  to  respond 
promjjtly  to  slight  changes  in  the  water  level  in  the  effluent  chambers,, 
and  maintain  a  reasonably  constant  head  on  the  circular  weir  at  the 
top  of  the  telescoping  tube. 

The  flow  over  the  weir,  for  any  adjustment,  is  determined  very 
accurately  by  stopping  the  flow  of  water  into  the  filters,  and  noting 
the  decline  of  head  over  the  sand  bed  for  a  period  of  twenty  minutes 
or  half  an  hour,  from  which  loss  of  level,  and  the  known  area  of  the 
filter  tank,  the  rate  of  percolation  is  determined,  and  the  weir  rated  for 
discharge  accordingly.  Such  measurements  are  made  conveniently 
for  each  adjustment  of  the  head  on  the  weir,  and  as  long  as  the  depth 
of  flow  over  the  lip  of  the  weir  remains  unchanged,  the  weir  may  be 
accepted  as  a  reliable  means  of  measuring  the  discharge  of  the  filter, 
as  well  as  maintaining  a  constant  rate  of  percolation  through  the 
sand  bed. 

Chakles  Anthony,  Jr.,  M.  Am.  Soc.  C.  E.  (by  letter). — In  answer 
to  Mr.  Gregory's  observation,  the  writer  may  say  that  he  selected  the 
Glenfield-Jones  form  of  weir  module  as  a  typical  example  of  its  class, 
neither  on  account  of  the  excellency  or  otherwise  of  its  design,  nor 
on  grounds  of  originality — Mr.  Lindley  having  been  the  first,  he 
believes,  to  construct  regulators  of  this  kind-  but  because  it  is  one  of 
the  few  modules  actually  manufactured  as  an  article  of  general 
commerce. 

The  form  of  module  of  the  same  class  illustrated  by  Mr.  Gregory, 
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SECTION  A-B. 
Fig.  16. 
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Mr.  Anthony,  in  Fig.  14,  has  many  good  points,  not  least  of  which  in  many  cases 
would  be  the  small  loss  of  head  involved;  apropos  of  which,  the 
writer  may  point  out,  that  while  agreeing  that  the  smallness  in  the 
loss  of  head  caused  by  an  apparatus  of  this  nature  is  often  of  the 
highest  importance,  this  requirement  can  hardly  be  classed  among  the 
fundamental  ones  formulated. 

The  difficulty  of  entrained  air,  referred  to  by  Messrs.  Gregory, 
Copeland  and  Hill,  has  likewise  been  met  by  the  writer,  but  it  can  be 
diminished,  as  pointed  out,  by  a  disposition  of  the  apparatus  which  re- 
duces the  height  of  fall  in  the  vertical  tube.  However,  it  is  on  this 
account,  as  well  as  on  the  grounds  of  the  greater  uniformity  of  flow 
obtained  by  substituting  a  submerged  orifice  for  a  surface  weir, 
coupled  with  the  easy  manner  of  varying  the  rate  of  flow,  which  have 
led  the  writer  to  prefer  the  tyj^e  illustrated  in  Fig.  2  to  the  original 
surface-weir  form.  And  he  is  interested  to  hear  from  Mr.  Hill  that 
both  at  Warsaw  and  Philadelphia  the  regulators  adopted  finally  were 
of  this  tyi^e. 

In  Fig.  16  is  shown,  in  elevation  and  plan,  the  form  of  this  class  of 
module  which  has  recently  been  introduced  into  the  filtering  plant  of 
the  City  of  Buenos  Aires.  As  will  be  seen,  it  differs  from  the  form 
illustrated  in  Fig.  2  only  in  jjoints  of  detail,  and  in  the  greater  refine- 
ment of  the  method  by  which  the  adjustment  for  varying  the  dis- 
charge is  effected. 

While  admitting  that  recent  American  practice,  as  Mr.  Gregory  in- 
dicates, has  been  in  the  direction  of  a  reversion  to  semi-automatic 
regulation,  the  writer  cannot  but  think  that  with  the  perfecting  of  au- 
tomatic modules,  the  day  cannot  be  far  distant  when  automatic  regula- 
tion will  be  the  rule  and  not  the  excejjtion,  at  all  events,  in  all  plants 
with  any  pretensions  to  comjaleteness. 

The  present  atavistic  tendency  he  considers  is  due,  not  to  any  in- 
herent advantage  in  hand  over  automatic  regulation — the  contrary  be- 
ing the  case — but  to  the  fact  that  all  automatic  modules  hitherto  tried 
have  been  more  or  less  defective.  And  if  his  brief  paper  and  the  in- 
teresting discussion  to  which  it  has  given  rise  have  in  any  way  for- 
warded the  evolution  of  the  required  apparatus,  he  is  well  satisfied. 
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TESTS   OF   THE   EFFICIENCY   OF   HOISTING 
TACKLE.* 

Bt  S.  p.  Mitchell,  M.  Am.  Soe.  C.  E. 


For  tlie  jjurpose  of  gaining  information  as  to  the  efficiency  of 
hoisting  tackle,  an  extended  series  of  tests  was  made  recently  at  the 
Pencoyd  plant  of  the  American  Bridge  Company,  with  standard  types 
of  blocks,  and  various  combinations  of  manila  and  wire  rope.  The 
tests  were  arranged  so  as  to  rej^roduce,  as  nearly  as  possible,  actual 
conditions  under  which  hoisting  tackles  are  used  in  the  field. 

An  eye-bar  testing  machine,  of  300  tons  capacity,  and  a  vertically- 
moving  hydraulic  crane,  were  used  in  making  the  tests.  One  block 
was  attached  to  the  fixed  head  and  one  to  the  movable  head  of  the 
machine,  the  latter  having  a  horizontal  motion,  under  coustant 
pressure,   of    about    6    ft.      The  „,.._, 

line  was  led,  as  shown  in  Fig.  1, 
from  the  movable  block  to  a 
snatch  block  at  the  fixed  end  of 
the  machine,  thence,  with  a  180° 
turn,  to  a  second  snatch  block, 
thence,  with  a  90°  turn,  to  a 
vertically-moving  hydraulic  crane,  which  furnished  the  lead-line  pull. 

The  load  registered  on  the  testing  machine  was  thus  carried  on  as 
miany  parts  of  line  as  ran  to  the  movable  block,  this  number  being  one 
in  excess  of  that  leading  to  the  fixed  block. 

*  Presented  at  tbe  meeting  of  September  16th,  1903. 
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Fig.  1. 
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The  load  on  the  machine,  and  the  pull  exerted  by  the  crane,  were 
taken  from  their  respective  mercury  pressure  gauges,  upon  which 
many  simultaneous  readings  were  made  for  each  individual  test. 
Separate  readings,  of  course,  were  taken  to  determine  the  friction  of 
the  testing  machine  and  crane. 

Each  combination  of  tackle  was  tested  in  lifting,  i.  e.,  with  the 
movable  block  approaching  the  fixed  block,  as  in  lifting  a  load ;  and 
for  a  becket  pull,  /.  e.,  with  the  movable  block  receding  from  the  fixed 
block,  as  in  lowering  a  load.  The  results  of  these  tests  are  shown  in 
Table  No.  1.  The  tested  efficiencies  there  given  are  derived  as  follows: 
If  Whe  the  load  on  the  machine,  n  the  number  of  parts  of  line  carry- 
ing the  load,  and  P  the  pull  of  the  crane,  the  tested  etficiency  for 

W 
straight  lifts  is  — ^. 

For  the  becket  pulls,  in  which  the  machine  is  pulling  against  the 

n'  P' 
crane,  an  analogous  value  for  efficiency  is   — ==^  ;  where  TF' is  the  pull 

of  the  machine,  n'  the  number  of  parts  of  line,  and  P'  the  resistance 
of  the  crane.  It  should  be  noted  that  the  results  of  the  individual 
tests,  as  given  in  the  column  of  tested  efficiencies,  are  each  derived 
from  a  large  number  (in  most  cases  forty  to  fifty)  of  gauge  readings. 

Under  field  conditions,  a  lead-line  is  frequently  snatched  a  number 
of  times  before  reaching  the  engine.  It  Avas  desired,  therefore,  to 
obtain  results  of  the  tests,  free  from  the  influence  of  the  two  snatch 
blocks  used,  and  involving  only  the  parts  of  the  line  holding  the 
load,  of  which  the  first  should 
be  considered  the  lead-line,  as 
shown  in  Fig.  2. 

For  this  purpose  the  efficien- 
cies of  the  combinations  tested  '**"   ' 
were  worked  out  according  to  the  method  given  by  Weisbach.* 

The  formula  there  used  lor  the  efficiency  of  a  fixed  pulley  is 
1^_  1 

^^        l^  C~  +   2    6  —  sin.  L 
r  r 

In  which  d  =  diameter  of  rope; 

r  z=  effective  radius  =:  distance  from  center  of  pulley  to 

center  of  rope; 

*  "  The  Mechanics  of  Hoisting  Machinery."  Translated  from  the  second  German 
edition  by  Karl  P.  Dahlstrom,  M.  E. 
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TABLE  No.  1. — Efficiency  of  Tackle  with  Two  Snatch  Blocks. 


Efficiency, 

Tested  Efficiency:  Percentage. 

PROM 

Parts 

Formula. 

of 
line. 

Lifting. 

Mean. 

Becket 
pull. 

Mean. 

Lift- 
ing. 

Becket 
puU. 

reoi 

60  1 

r37i 

42  1 

4 

J  53  1 

Is' 

57 

1^^ 

48 

60 

58 

\"\ 

L53 

f.531 

lU-in.   manila  line. 

51 

(56(. 
1501 

C=0.46. 

6 

53 

52 

53 

53 

53 

^52J 

f44l 
J48, 

.7 

49 

(41  ( 
I46j 

44 

50 

45 

151J 

4 

(521 
)48) 

50 

(47  1 

49 

56 

55 

IJ^-in.  manila  line. 

7 

(46 
■)46 

, 

46 

^421 
-43 

Us) 

43 

47 

42 

C  =  0.40. 

[48 

48 

56 

.52 

(40) 

i37h 

9 

- 

52 

• 

47 

38 

42 

36 

43 

(38i 

43 

43 

L41J 

145/ 

(48) 
J  49' 
)49( 

5 

k\ 

45 

49 

47 

45 

194-in-  manila  line. 
C  =  0.38. 

■ 

7 

39 

41  f 
37) 

41 

B 

(34) 
^33  I 

40 

42 

37 

9 

-^4lt 

39 

34 

37 

31 

(39f 

|36\ 

139/ 
-^41  '- 

(32) 

i: 

41 

M 

36 

40 

36 

2-in.  manila  line.  C  =  C.34. 

(44^ 
1  36  1 

(37) 

(  37) 

W[ 

37 

-37 

38 

.35 

30 

|39i 

I39I 

r3 

147) 

^48l 

r42] 

J47I 

35  J 

(49| 

\Si 

5 

i'^r 

49 

41 

149) 

}42\ 

I49i 

146) 

?4-iii-  wire  rope.    C  =  1.8. 

■ 

^ 

49 

m 

44 

55 

56 

9 

[531 
:58l 

P5| 
[49J 
f43] 
l44( 
i48r 

54 

111 

r53i 

43 

50 

49 

.13 

45 

1511 

m 

53 

42 

37 

1,46  J 
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TABLE  No.  2. — Capacity  and  Efficiency  of  Tackle  without  Snatch 

Blocks. 


134-in.  manila  line. 


Parts  of  line. 


Lift  per  unit 
pull  in  lead- 
line. 


1.93 
2.68 
3.37 
3.95 
4.48 
4.92 


Efficiency: 
Percentage. 


li^-in.  manila  line. 


1.91 

2.67 
3.36 
3.93 

4.45 
4.89 
5.28 
5.61 


r      3 

2.64 

88 

4 

3.30 

83 

5 

3.84 

77 

J           6 

7 

4.33 

4.72 

72 

67 

8 

5.08 

64 

I          9 

5.37 

60 

f          5 

3.87 

77 

6 

4.37 

73 

2-in.  manila  line 

I 

4.78 
5.14 

68 

64 

I          9 

5.45 

61 

f          3 

2.73 

91 

4 

3.47 

87 

5 

4.11 

82 

6 

4.70 

78 

7 

5.20 

74 

%-m.  wire  rope 

^      S 

5.68 
6.08 

71 

68 

10 

6.46 

65 

11 

6.78 

62 

12 

7.08 

59 

13 

7.34 

50 

TABLE  No.  3. — Dimensions  of  Blocks  Used  in  Tests. 


Metaline  bushed. 


12-in.  blocks  for  IJ^-in.  manila  line 
14-in.  blocks  for  l}^-in.  manila  line 
16-in.  blocks  for  l^^-in-  manila  line 
20-in.  blocks  for  2-in.  manila  line. . 

Snatch  blocks  for  manila  line 

Wire-rope  blocks 


Center  of  sheave  pin 
to  tread  of  sheave. 


Diameter  of  sheave 
pin. 


1     m. 
1^  ins. 
m  ins. 
1      in. 

2^  ins. 


EFFICIENCY   OF   HOISTING   TACKLE.  165 

P  =  radius  of  sheave  pin ; 
2  i  =:  arc  of  contact  of  rope  on  sheave; 
6  =  coeflScient  of  journal  friction  =  0.08; 
C  =  empirical  constant. 
The   efficiency   of   the   movable   pulley,    for    forward    motion,    or 

hftmg,  IS  -  ^  ^    . 

o 

For  reverse  motion,  or  becket  pull,  it  is 


1+^- 

It  was  found  that  a  constant  value  of  C  did  not  give  computed  effi- 
ciencies agreeing  sufficiently  well  with  those  of  the  tests.  Accord- 
ingly, different  values  of  C  were  selected  for  the  different  sizes  of 
rope.  These  are  given  in  Table  No.  1,  together  with  the  efficiencies 
computed  from  the  formula. 

The  constant,  C,  for  |-in.  wire  rope,  was  derived  from  the  tests  on 
7,  9  and  13  parts  of  line,  as  the  friction  of  the  testing  machines  in  the 
tests  on  3  and  5  parts  of  line  was  so  large,  in  proportion  to  the  load 
lifted,  as  to  render  the  results  of  the  two  tests  of  doubtful  value. 

Table  No.  3  contains  the  essential  dimensions  of  the  blocks  tested. 

Having  determined  a  suitable  value  of  C  for  each  size  of  line,  it 
only  remained  to  compute  the  efficiencies  of  the  several  combinations, 
omitting  the  snatch  blocks. 

The  results  are  shown  in  Table  No.  2,  together  with  the  lift  of  each 
combination  per  unit  pull  in  lead-line;  the  lead  being,  as  explained 
previously,  the  first  part  of  the  line  holding  the  load. 

The  tests  were  in  charge  of  J.  L.  de  Vou,  Assoc.  M.  Am.  Soc.  C.  E. , 
Assistant  to  the  Chief  Engineer,  assisted  by  Mr.  S.  L.  Wonson,  Assist- 
ant Engineer. 
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THEORY  OF  CENTRIFUGAL.  PUMPS  AND  FANS: 

ANALYSIS  OF  THEIR  ACTION,  WITH 

SUGGESTIONS  FOR  DESIGNS.* 

By  Elmo  G.  Hakkis,  M.  Am.  Soc.  C.  E. 


With  Discussion  by  Messbs.  Wllliam  Mayo  Venable,  E.  T.  Adams, 

AiiiiEN  Hazen,  Joseph  Mayer,  Theodore  Horton 

AND  Elmo  G.  Harris. 


Introduction. 

The  writer  recently  had  occasion  to  look  for  a  satisfactory  discus- 
sion of  the  theory  of  centrifugal  pumj^s,  and,  not  finding  the  subject 
introduced  at  all  in  most  of  the  books  on  kindred  subjects,  he  under- 
took to  hunt  up  some  special  literature  bearing  upon  it,  and  was 
surprised  to  find  that,  apparently,  the  subject  of  centrifugal  pumps 
had  been  overlooked  or  neglected  by  comjietent  writers  on  applied 
mechanics. 

That  this  is  true  is  a  matter  of  no  small  surprise  when  the  import- 
ance of  the  subject  and  its  attractiveness,  theoretically,  are  considered. 

To  those  who  would  say  that  to  follow  out  the  conclusions  recom- 
mended in  this  paper  would  lead  to  unjustifiable  refinement  in 
machines  applied  to  rough  and  temporary  use,  the  answer  should  be: 
Knowledge  of  correct  princij)les  does  not  necessitate  extravagant 
*  Presented  at  the  meeting  of  September  13th,  1903. 
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refinement,  but  with  it  we  can  simplify  and  cheapen  the  machine  in 
such  a  way  as  to  make  the  least  sacrifice  of  efficiency;  and,  further, 
that  there  are  no  apparent  reasons  why  refinement  in  proportions 
and  workmanship  will  not  yield  results  fully  justifying  the  extra 
cost,  thus  placing  the  machine  in  a  higher  class  and  extending  its  use 
to  conditions  now  considered  out  of  its  field. 

As  a  result  of  this  study  there  are  proposed  three  classes  of  pumps — 
Centrifugal,  Impulse  and  Turbine.  The  necessity  of  distinguishing 
purely  impulsive  action  from  centrifugal  force  will  be  apparent  to 
anyone  who  follows  the  discussion,  and  who  has  a  fair  knowledge 
of  mechanics. 

In  the  mathematical  equations  and  formulas  introduced  in  this 
study  there  is  no  attempt  to  include  a  factor  or  term  to  account  for 
losses  by  friction,  impact,  or  otherwise.  Such  losses  will  occur,  of 
course,  but  they  are  of  a  nature  which  does  not  permit  of  mathemat- 
ical formulation.  The  writer  thinks  it  better  to  present  the  underlying 
principles  clearly,  with  the  simplest  and  least  possible  mathematics, 
and  then  interpret  the  results  of  experiment  by  comparison  with  what 
ought  to  occur  under  perfect  conditions.  With  this  in  view,  the 
several  causes  of  loss  are  discussed,  and  suggestions  offered  for  find- 
ing where  the  greater  portion  of  this  loss  occurs.     (See  page  177.) 

The  writer  has  found  some  attempts  at  mathematical  analysis  for 
determining  the  proportions  of  a  pump  that  should  give  maximum 
efficiency,  but  thinks  that  such  analyses  are  a  misuse  of  mathematics, 
and  are  apt  to  put  the  science  in  disrepute.  Whatever  the  design  of  a 
centrifugal  pump  (or  of  an  impulse  pump),  the  dynamic  principle  on 
which  it  acts  is  that  of  imparting  energy  to  water  by  giving  it  a  high 
velocity.  Within  the  machine,  the  water  must  be  taken  from  a  state 
of  rest  (practically),  put  in  motion  and  brought  to  rest  again,  or 
nearly  so.  The  problem  for  the  designer  is  then,  simply:  To  put 
water  in  motion  and  stop  it  again  with  the  least  possible  friction  of 
water  on  metal  and  of  water  on  water — simple  in  statement,  but  not 
simple  in  accomplishment. 

In  taking  up  this  study  the  writer  had  no  intention  of  going  beyond 
the  mathematical  analysis,  but,  was  irresistibly  led  into  attempts  at 
designing  with  a  view  to  reducing  friction  losses  to  a  minimum.  In 
these  designs  the  novel  features  introduced  are:  First,  the  introduction 
of   air   instead  of  water  between  the  wheel  and   casing;   second,  the 
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support  of  the  wheel  (in  some  designs)  by  air  pressure  from  below ; 
third,  the  use  of  flaring  nozzles  for  checking  the  velocity  of  the  water 
as  it  leaves  the  propellers,  whereby  the  energy  of  the  velocity  can  be 
converted  into  pressure  with  the  least  i^ossible  loss;  and,  fourth, 
making  the  discharge  adjustable. 

With  pumps  designed  and  tested  according  to  the  conclusions  of 
this  study,  it  will  be  possible  to  determine  satisfactory  coefficients  to 
apply  to  pumps  of  a  specific  class,  working  under  specific  conditions. 

The  proposed  modifications,  in  construction,  in  proportion,  and  in 
operation,  make  machines  so  different  from  anything  yet  tried  that 
they  must  be  considered  as  designs  evolved  from  theoretic  considera- 
tions without  the  light  of  experience.  Though  all  the  theoretic 
results  may  not  be  realized  to  a  satisfactory  degree,  the  writer  believes 
the  study  will  result  in  improvements  on  present  practice. 

Centrifugal  Pumps. 
Symbols. — For  convenience  of  reference,  the  symbols  used  are  col- 
lected here.  The  reader  should  not  be  discouraged  by  the  formidable 
array ;  they  do  not  all  come  in  at  once,  and  the  working  formulas  will 
be  found  to  be  surprisingly  simple.  Most  of  the  symbols  are  also 
indicated  on  the  diagram,  Fig.  1. 

r     =  Radius  of  outer  limit  of  vanes ; 

i\    =  Radius  of  inner  limit  of  vanes ; 

X    =  Radius  of  any  intermediate  point — a  variable; 

u    =  Velocity  of  revolution  of  outer  limit  of  vanes; 

t<i   =  Velocity  of  revolution  of  inner  limit  of  vanes  =  — —  u; 

V  =  Velocity  of  esca2:)ing  water,  relative  to  revolving  wheel; 
Fj  =  Velocity  of  entering  water,  relative  to  revolving  wheel; 

V  :=  Absolute  velocity  of  escaping  water; 

Vi    =  Absolute  velocity  of  water  as  it  enters  between  vanes; 

W  =^  Weight   of   a   cubic    unit    (foot)   of   the    water   (or   other 

liquid) ; 
h     =  Width  of  vanes  at  outer  limit  =  width  of  circumferential 

opening  or  slot  through  which  discharge  occurs; 
hy    1=  Width  of  vanes  at  inner  limits; 
a    =  Area  of  discharge  slot  =  2  tt  r  6; 
Oj    =  Area  of  entrance  to  vanes  =  2  tt  rj  ft, ; 
§    =  Quantity  (cubic  feet)  of  liquid  passing  (per  second); 
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/?  =  Angle  between  V  and  u ; 

0    =  Angle  of  discliarge,  relative  to  a  tangent  to  wheel  =  angle 

between  v  and  n; 
0    =  Angle  between  v^  and  ii^  =  90^,  unless  guide  vanes  be  in- 
serted; 
h    =  Head,  or  lift,  above  pump; 
H  =  Total  effective  lift; 

k    =  Initial  or  entrance  head,  which  is  usually  suction,  or  nega- 
tive head; 
p    =  Pressure  head  in  space  between  wheel  and  casing  =  press- 
ure head  in  water  at  instant  after  escape  from  wheel. 
"Foot-pound-second  "  units  will  be  used. 

Purely/  Centrifugal  Effects. — In  this  preliminary  study  the  reader 
should  disincumber  his  mind  of  the  more  complicated  conditions 
under  which  centrifugal  pumps  actually  work.  We  are  now  seeking 
the  relations  between  velocities  unaffected  by  change  of  pressure. 
Later,  the  suction  and  discharge  pressures  will  be  introduced. 

Consider  a  prism  of  liquid,  of  imit  area  and  extending  between  the 
limits  r^  and  r,  in  a  revolving  wheel  without  outlet,  as  C  B,  Fig.  1. 
The  centrifugal  force  of  an  elementary  disk  across  this  prism,  of  thick- 
ness, d  X,  and  distance,  x,  from  the  axis  of  revolution,  is 

,  .       TT  M^^  d  X 

df  — 

g  X 

where  u^  is  the  velocity  of   revolutioQ   at   the  distance,  x,    from  the 
center.     Thus 

X 
Vj.  :=  U, 

therefore 

d  f  = IT  -^  d  X, 

and  the  total  centrifugal  force,/,  which  is  effective  at  the  outer  end  of 
this  prism,  is  the  integral  between  the  limits,  a?  =  r  and  x  =  ?'j. 
Hence 

Wn""  ,  ,         ,.        TT   ,  2         ,.     ______  r, 


^  =  o^(--'-.)=^(" 


Since  u.  =  — -  u. 


2  ^,.2  V  i'       2g   '  ^"  '         r 

This  is  the  pressure  on  a  unit  area  at  the  circumference  of  the  wheel, 
and,  evidently,  it  is  independent  of  the  form  or  cross-section  of  the 
arm,  G  B.  Now,  pressure  divided  by  weight  gives  head.  Hence  the 
pressure  head  against  the  walls  of   the  pump  at   the    circumference 
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Now,  if  an  orifice  be  opened  at  the  circumference,  in  any  direction 

whatever,  and  the  pressure  outside  be  the  same  as  at  the  entrance, 

the  velocity  of  the  discharge,  relative  to  the  revolving  walls  of  the 

pump,  will  be 

■\^2  g  X  head, 
or 

but  when  there  is  a  discharge  there  must  be  an  initial  velocity,  Fj,  at 
the  entrance,  and  this  must  be  considered  in  the  final  head  within  the 
wheel.     Thus,  the  total  head  at  B  will  now  be 

F2              2  2 

,  71    J/  . 


2g   '        2g      ' 

and  the  velocity  of  the  discharge,  relative  to  the  revolving  parts,  will 
have  the  relation 

V^  =  V\  +  »2  —  u\ (/) 

Suppose,  now,  that  C  i?  is  a  radial  frictionless  tube,  open  at  both 
ends,  and  that  a  particle  starts  from  a  state,  Fj,  relative  to  the  tube, 
and  moves  out,  without  change  of  pressure,  from  radius  y,  to  r,  in 
obedience  to  the  law  of  centrifugal  force  (or  acceleration).  Its  radial 
acceleration,  when  distant  ,/•  from  the  center,  is,  by  well-known  laws 
of  mechanics : 

ii\        d  F. 


Also, 

Therefore, 
but,  as  before, 


Acceleration  =         —     ,  ^ 
X  a  t 


'~  df 


V.dV.=.^^:^^: 


u^  =  -  «, 


(sub  X  indicating  the  conditions  at  the  distance,  x,  from  the  center.) 
Therefore, 

^x  d  ^x  =--  p  •^"  (^  •^'• 

Integrating  between  the  limits,  Faud  F,,  on  one  side,  and,  r  and  r^,  on 
the  other,  we  get 

pr2  _    F2j  =  ^2  _  ^,2^ (j^ 

Gomhitied   Centrifugal    and  Impulsive  Effects. — In   Equation   /  the 
reader  will  probably  recognize  the  well-established  relation  of  veloci- 
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ties  in  impulse  water-wheels.  It  is  demonstrated  in  Church's  "Notes 
on  Hydraulic  Motors,"  and  is  there  shown  to  apply  to  either  pumps 
or  motors  as  long  as  they  act  impulsively.  It  has  not  been  recog- 
nized, however,  as  being  applicable  to  purely  centrifugal  effects  acting 
statically,  as  demonstrated  on  page  171. 

The  demonstrations  of  Equation  /  evidently  apply  to  any  liquid, 
and  to  any  gas  in  which  the  density  may  consistently  be  assumed  as 
unchanged  throughout  the  ojaerations.     (See  page  '213.) 

It  has  now  been  made  apparent  that  Equation  /will  hold,  whether 
or  not  the  section  of  the  channel  between  C  and  B  is  constant,  and 
without  regard  to  the  direction  of  the  discharge;  that  is,  the  dis- 
charge maybe  outward,  inward,  backward,  forward,  upward  or  down- 
ward; that  it  is  true  whether  the  acciimulation  of  centrifugal  effect 
appears  as  pressure  alone  or  as  velocity  alone,  or  i^artly  in  both;  and 
that  it  is  true  for  purely  impulsive  effects  and  for  combined  centrifu- 
gal and  impulsive  effects.  The  formula,  therefore,  is  much  more 
general  than  has  been  supposed  heretofore. 

Absolute  Velocity  of  Discharge. — Having  now  a  formula  for  comput- 
ing the  velocity  of  the  escape  of  water  from  an  opening  in  the  peri- 
meter of  a  wheel,  relative  to  the  wheel,  its  absolute  velocity  can  be 
obtained  from  the  triangle  fixed  by  u,  V,  and  the  included  angle,  /?, 
Fig.  1. 

Thus,  evidently,  in  general, 

v'^  =^  V-  +  tr  -I-  2  »  Fcos.  /? (//) 

where  /3  is  the  angle  between  V  and  the  forward  direction  of  t(.  Note 
that  when  /i  exceeds  90^^,  its  cosine  is  minus.  In  particular,  when 
/i  =  90°,  or  the  vanes  are  radial  at  the  outer  end  and  p  =  p^,  then 

p2=  r-  -f  li^ (///) 

It  is  well,  here,  to  call  attention  to  the  effect  that  the  angle,  /i,  has 
on  V.  Notice  that  u  and  Fare  constant  in  all  the  several  diagrams  of 
Fig.  1,  yet  v  is  very  different  in  the  several  cases.  Now,  if  the  reader 
will  remember  that  the  head  varies  with  the  square  of  the  velocity  he 
will  see  that  the  theoretically  possible  head,  or  lift,  in  Case  (e)  is 
about  six  times  as  great  as  in  Case  [d).     (See  also  page  181.) 

Pressure  Head  in  Discharge  and  Entrance. — The  foregoing  formulas 
for  Fand  v  are  derived  on  the  assumption  that  the  water  is  discharged 
into  a  medium  in  which  the  pressure  is  the  same  as  in  that  fi-om  which 
the  water  entered  the  wheel,  as,   for  instance,  atmospheric  pressure 
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within  the  entrance  and  oiitside  of  the  wheel.  This,  evidently,  is  not  a 
condition  under  which  centrifugal  pumps  work  ordinarily.  Usually, 
there  is  "suction  "  inside  the  wheel,  and,  it  is  generally  (erroneously) 
supposed,  a  pressure  nearly  equivalent  to  the  remaining  lift,  oppos- 
ing the  discharge.  Some  relations  involving  this  phase  of  the  subject 
are  as  follows.     See  Fig.  2. 


Let  pi  =  pressure  head  at  entrance  of  vanes,  where  velocity  is  t\. 
Then 

Let  p  =  pressure  head  in  water  immediately  after  escaping  from 
wheel,  where  velocity  is  v,  that  is,  at  the  joint,  d,  Fig.  2. 

Then  remember  that  whatever  head,  H,  or  lift,  the  wheel  gives  to 
the  water,  it  is  accomplished  while  passing  out  between  the  vanes. 
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Eemember,  also,  that  the  total  head  in  the  water  immediately 
after  escaping  from  the  wheel  (that  is  at  the  joint,  d)  must  equal  the 
remaining  lift,  Ji. 

Heads  above  the  wheel  are  plus,  those  below  are  minus. 

Then, 

^  9 
by  the  law  of  conservation  of  energy,  or 

rg  =  ^'-^' (^^) 

and 

''-£+p-' (^) 

If,    in    Equation    IV,   p  =  zero,    or   atmospheric   pressure,    then 

- —  =  h;  and  if  p  =  k,  in  quantity  and  in  sign,  then  pr—  =  H;   which  are 
2g  1  J  ^  2g 

evidently  correct. 

Note  that^  cannot  equal  7i,  as  is  usually  supposed,  for  then  v  would 
be  zero,  and  there  would  be  no  discharge. 

Note  that  the  signs  in  Equations  /Fand  Fare  general,  but  that^ 
and  k  may  be,  in  themselves,  plus  or  minus.  Care  must  be  taken  to 
observe  this,  or  confusion  will  resi;lt. 

If  possible,  in  practice,  2h  should  equal  p,  for  then  there  will  be  no 
tendency  to  leak  at  the  joint,  2. 

Notice  that  the  pressure,  p,  at  the  joint,  d,  will  extend  throughout 
the  spaces,  n,  71,  between  the  wheel  and  the  casing. 

The  question  now  turns  on  this  unknown  quantity,  p.  That  it  is  a 
factor  we  cannot  ignore,  is  evident,  for  it  affects  the  volume  of  dis- 
charge, and  it  renders  useless  the  formulas  thus  far  given,  unless  it 
can  be  determined  and  controlled. 

The  processes  by  which  Equation  /is  reached  are  not  applicable 
unless  p=Pj,  and  has  the  same  sign,  but,  fortunately,  the  method 
used  on  page  170  can  be  extended  to  meet  the  present  needs. 

When  there  are  no  guide  vanes  (and  this  will  be  the  common  con- 
dition), the  absolute  velocity  of  approach,  Vi,  will  be  radial,  as  a  C, 
Fig.  1.     In  that  case  F^i  =^'^  +  "V 

Inserting  this  in  Equation  /,  we  get 

F-  =  v\  +  ?r. 
Hence  the  head,  relative  to  the  wheel,  within  itself,  at  the  perimeteir, 
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due  to  centrifugal  eifects,  independent  of  pressures  before  entering,  is 


V 


—  -}-  ^ — .     Now,  if  tlie  total  head  at  the  entrance  is  A',  the  pressure 


g  ^2^" 

lead  there 
perimeter  is 


head  there  will  be  k —  ^,  and  the  total  head  within  the  wheel  at  the 

^g 


2  2  2  2 

I.  _  '^  1     _1_  ^      I       ^     _   Z.  _1.    " 

^       2^  +  2^  +  2^-^+2^- 
Then,  if  the  pressure  outside  is  p,  the  velocity  of  escape  through 
an  orifice  at  the  perimeter  in  any  direction  is 

F2=2^(/l-  +  |^-/>)  =  «2+25r(A--p) (F/) 

Note  that  k  and^:>  may  be  either  jDositive  or  negative  in  themselves, 
and  in  numerical  calculations  the  proper  sign  must  go  with  them. 
For  instance,  if  they  are  both  negative  (the  common  condition),  their 
signs  will  be  reversed  in  Equations  IV,  Fand  VI. 

In  Equation  VI  we  have  a  formula  for  F(the  relative  velocity)  that 
can  be  used  with  confidence,  provided  we  know  p.  More  on  this  sub- 
ject will  be  found  on  pages  185  to  188. 

From  Equations  II,  Fand  F/we  can  get 

g  R=i?  \  uV  cos.  (i ( VII) 

or, 

g  H=  i^,  when  /i  =  90°. 
Which  shows  that  H  is   independent  of  k  and  p.     It  is   interesting 

to  note  that  -- —  is  usually  stated  to  be  the  maximum  theoretic  lift, 
1g 

regardless  of  the  angle,  li  (see  page  178). 

ladependeiit  Derivation  of  CJi.ief  Formulas. — The  following  independ- 
ent demonstrations  are  interesting,  and  will  strengthen  our  confidence 
in  the  conclusions  otherwise  reached. 

If,  in  Fig.  1,  the  vanes  take  up  the  water  from  a  state  of  absolute 

rest  and  discharge  it  at  the  j^erimeter,  the  whole  work  done  by  the 

wheel  can  be  expressed  in  terms  of  the  reaction  of  the  escaping  water 

on  the  wheel.     This  reaction,  by  well-known  laws  of  hydro-mechanics, 

.     W  V  W  V 

IS ,  and  the  component   opposed   to   the   motion   is cos.  9. 

Then   the  work   done  by   the   wheel  in   overcoming  this  reaction  is 

Wv 


g 


cos.  9  u.     Then,  assuming  the  pressure  opposing  the  discharge 
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to  be  the   same  as  before  admission,  tlie  energy  in  the  water  after 
escape  is 


2.9 
Hence, 


Wv"'        W 

n  V  cos. 


2  5'  ff 


or. 


V  =  2  u  COS.  G. 
This  being  true,  a  glance  at  the  trigonometrical  relations  in   Fig.   1 

will  show  that   v  =  u,  and  6  =  —- . 

The  assumjition,  that  the  water  is  at  rest  until  caught  up  by  the 
vanes,  is  not  correct  Avhen  the  water  is  passing  through.  To  get  an 
equation  meeting  this  condition  we  have  only  to  remember  that  the 
static  pressures  inside  and  outside  a  wheel,  though  different,  cannot 
directly  aid  or  resist  its  revolution,  and  that,  in  pumj^s,  we  may 
assume  the  velocity  of  approach,  Vi,  to  be  caused  by  the  pump,  and, 
therefore,  its  effect  on  the  wheel  is  not  to  be  considered,  it  being  only 
a  i^reliminary  incident  to  the  final  discharge.  Hence,  the  work  against 
the  reaction  of  the  discharged  water  will  always  be  the  total  work 
done  by  the  wheel.  Then,  by  the  law  of  the  conservation  of  energy, 
the  following  equation  must  hold: 

TrA+  ^-—  u  COS.  &  =  -li-i-  +  »  W=  IV  h (a) 

<J  -S' 

Hence, 

2  u  V  cos.  6  :=  f'^  -f-  2  ^  {p  —  k). 

Now,  insert  the  value  of  2  it  v  cos.  B,   from  the  trigonometrical 

relation,  V^  =  «"  +  v'^  —  2u  v  cos.  S,  and  the  equation  reduces  to 

V^  =  i(''  +  1g  [k  —  p) {VI) 

which  is  identical  Avith  Equation  VI,  on  page  175. 

v 
From  Equation  (t  we  have  H  =  — \-  {p  —  k),  since  II  =^  h  —  A- 

2  y 

(see  Fig.  2),  and,  by  trigonometry,  ?r  =  F^  -f-  n^  -1-2  u  Fcos.  /i.     Now 
substitute  this  and  the  value  of  V'^  from  Equation  VI  and  we  get 

H="''^  ''  Fcos./J 
9 
as  on  page  175. 

It  is  remarkable,  and  to  the  writer  quite  unexpected,  that  Equations 
VI  and  VII  show  no  factor  involving  the  radial  depths  of  the  pro- 
pellers, that  is,  the  relation  between  r  and  i\  ;  but  careful  considera- 
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tion  of  all  the  conditions  involved  will  make  it  clear  that  such  should 
be  the  case.     On  page  171  the  formula,  F^  ==  t?  —  m^j,  may  be  written 

F^  =  M^  (  1 ^  )  ,  since  u.^  =  — ^  u.  Here,  then,  we  find  the  rela- 
tion between  r,  and  v  involved,  and  the  analysis  there  given  shows 
that  it  must  be;  but,  in  that  case,  there  is,  to  that  point,  assumed  no 
movement  of  water  through  the  pump.  When  water  flows  into  the 
pump  it  must  be  caiight  up  by  the  propellers,  and  the  velocity  sud- 
denly changed  from  i\  to  s/  v'^x  +  '*^i-  Thus  it  is  seen  that  the  pump 
must  do  work  on  the  water  in  the  act  of  jiickiug  it  up;  and  this  is 
independent  of  the  static  head  (considered  relatively  to  the  wheel) 
imparted  between  the  limits  1\  and  r.  Without  adhering  to  a  strictly 
correct  use  of  mechanical  terms,  perhaps,  we  may  say  that  with  a 
fixed  r  and  u  the  head  imparted  by  the  static  effect  of  centrifugal 
force  decreases  as  r,  increases,  while  the  work  done  by  impact  (or 
reaction)  in  taking  up  the  inflowing  water  increases  with  r^;  the  sum 
of  the  effects  in  imparting  energy  to  the  departing  water  being  con- 
stant when  7-1  only  varies. 

Volume  of  Discharge. — Referring  to  Fig.  1,  it  is  seen  that  the  radial 
component  of  Fis  Fsin.  ft  =^  v  sin.  &,  hence  the  volume  of  discharge 

is 

Q  =  a  Fsin.  /S  =   2  tt  rZ>  sin.  fi  V. [^11^] 

assuming  a  continuous  opening  or  slot,  of  width,  b,  around  the 
perimeter. 

Evidently,  the  entrance  to  the  vanes  or  propellers  must  be  propor- 
tioned to  comply  with 

§  =  2  jr  j-j  6,  t>j  sin.  0 (^-^) 

«j  sin.  cp  is  the  radial  component  of  the  velocity  of  the  water  as  it 
enters  between  the  vanes.  This  will  usually  be  assumed  to  be  between 
10  and  20  ft.  Unless  guide  vanes  are  inserted,  as  at  [h),  Fig.  1,  and 
[b),  Fig.  15,  the  angle,  0,  will  be  90°,  and  Equation  ZXwill  become 

Q  =  2Tti\bxVx [IXa) 

Present  Practice,  in  the  Light  of  the  Preceding. — The  foregoing  discus- 
sion, with  the  resulting  equations,  will  give  light  on  matters  not  here- 
tofore generally  understood  (judging  from  corresj^ondence,  the  con- 
tents of  trade  circulars,  and  the  in-oportions  of  pumps  as  built).  For 
instance,  it  is  a  common  statement  that  the  theoretic  lift  depends  only 
on  the  velocity,  u,  of  the  outer  limit  of  the  propellers,  and  that  the 

theoretic  lift  is^ — .     Equation  VI  shows  this  to  be  doubly  in  error. 
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True,  after  a  wheel  is  built,  u  is  the  only  variable  affecting  the  lift,  but, 
in  the  intelligent  design  of  a  pump,  the  angle,  /i,  is  an  imiiortant  factor. 

Some  writers,  whose  ojjinions  are  apt  to  be  accepted  without  ques- 
tion, state  that  when  the  j^ropellers  are  curved  backward,  as  in  Fig.  5, 
there  is,  in  addition  to  purely  centrifugal  effects,  an  outward  "shove," 
or  impulse,  given  to  the  water,  as  it  escapes,  by  the  tijDs  of  the  pro- 
pellers. In  making  this  claim,  they  i^robably  forget  that  the  water  is 
revolving  with  the  propellers  before  it  reaches  the  end.  Evidently, 
when  the  water  is  moving  with  the  proiJeller  no  impulsive  action  can 
occur  between  them.  If  the  outer  few  inches  of  the  propellers  came 
in  contact  with  still  water,  the  effect  claimed  would  occur,  and  the 
result  would  be  an  impulse  pump. 

The  writer  can  find  no  theoretic  reason  for  curving  the  propellers 
backward,  but  rather  the  reverse.     (See  page  172.) 

In  several  pubUshed  articles  which  the  writer  has  examined,  prom- 
inence is  given  to  the  test  for  the  efi'ect  of  curvature  of  the  vanes,  the 
test  being  made  by  running  the  pump  without  discharge  and  measur- 
ing the  resulting  pressure  or  head  by  a  gauge  or  stand-pipe,  thus 
getting  the  relation  between  the  peripheral  speed  and  the  head  for 
differently  curved  vanes.*  In  the  light  of  the  discussion  on  page  170, 
this  scheme  is  fallacious,  for,  as  the  i^ropellers,  of  whatever  form, 
revolve,  friction  will  im^sart  the  motion  of  the  liquid  to  that  within 
the  inner  limits  of  the  vanes,  and  in  a  few  moments  all  the  liquid, 
from  the  center  out,  will  be  revolving  with  the  vanes.  Then,  as  shown 
previously,  the  pressure  head  at  the  perimeter  will  be 

.,2  ,,2  ,.i 


2g  2g  2g' 

since  ?/i  is  zero.  The  curve  of  the  vanes  would  have  nothing  to  do 
with  it.  Where  a  discharge  occurs,  the  curvature  affects  the  head,  but 
not  otherwise.  That  varying  results  were  actually  gotten,  must  have 
been  due  to  some  circulation  through  the  open  joints,  f/and  z,  around 
the  discharge  and  intake. 

Unfortunately,    the    above-mentioned    exjjeriments,    as    misinter- 
preted, have  apparently  verified  the  very  common  supposition  that 

the  theoretic  lift  of  a  centrifugal  jjump  is  — — .     There  seems  to  be 

^9 
almost  universal  confusion  and  error  concerning  this,  and  universal 

neglect  to  consider  correctly  the  pressure  at  the  open  joint,  d.     Correct 

*  Engineering  News,  August  9th,  1900;  and  Richards'  "  Centrifugal  Pumps,"  p.  27. 
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equations  bearing  on  these  points — Equations  IV to  VII — have  been 
given,  but,  to  clear  up  the  contusion,  let  us  recall  the  fundamental 
principle  in  hydraulics,  that  "total  head  equals  velocity  head  jjIus 
pressure  head,"  and  apply  it  to  the  water  passing  the  joint,  d,  after  it 
has  left  the  propellers.     Then,  using  the  notation  elsewhere  apjolied, 

v 
the  head  in  the  water  passing  cl  is  — \-  p,  and,  neglecting  friction, 

V 

this  must  equal  the  remaining  lift,  h,  or,  h  =  -^ f-  p. 

Now,  V  is  greater  than  u,  except  when  /i  exceeds  90  degrees.     Evi- 
dently, then,  we  cannot  consistently  assume  that  the  lift  above  the 

2 

pump  is  -^ — ,  and  that  the  pressure  head,  p,  at  the  dischai'ge  is  that 

^  9 
due  to   the  same  lift,  for  that  would  be  assuming,  by  the  equation 

above,  that  h  ==^111  (or  more  when  (i  is  less  than  90°). 

Suppose  the  pumiJ  is  revolving  without  discharge,  then  the  equa- 

2 

tion  becomes  li  =  -^ \- p,  but,  on  measuring  the  head  in  a  stand-pipe 

^  9 

we  would  find  it  =  -r — ,  onlv.     Stil],  the  equation  is  correct.     The  ex- 
2  r/ 

u 
planation  is  that  the  velocity  head,  -^ — ,  in  the  water  is  not  trans- 
formed into  pressui'e  head.  When  a  discharge  occurs  the  water 
passing  out  must  lose  its  velocity,  and,  theoretically,  should  gain  in 
pressure  corresiDondingly.  This  subject  is  discussed  further  on  page 
188. 

o 

V 

If,  in  Equation    V,  viz.,  k  -\-  H  =  -^ \-  p)  =^  h,  we  substitute  the 

value  of  ^from  Equation  VII,  we  have 

>/  4-  u  Fcos.  /i  w^      .    , 

"  = » 2T  +  '^- 

Now,  in  centrifugal  jaumps,  as  usiially  constructed  and  operated,  the 
absolute  velocity,  v,  is  but  little  greater  than  the  peripheral  velocity, 
u.  Hence,  for  the  purpose  of  illustration,  we  will  assume  it  =  v. 
Then  the  above  equation  becomes: 

k'^      ,    u  Fcos.  B   .    , 

^  =  ^  +  ^^— +  ^-- 

To  show  by  example  what/>  would  be  in  an  ordinary  pump,  assume 
u  =  50,  F=  5,  /i  =  120  (or  cos.  ft  =  —  0.5),  and  k  =  —  10. 
Then,  by  Equation  VII,  H  =  74,  and  therefore  h  =  64,  and,  by  the 
above  equation,  p  =  25. 
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One  cause  whicli  adds  to  the  confusion  in  this  matter  is  that  the 

efficiency  of  such  i3umps  is  not  far  from  one-half,  thus  making  the 

actual  lift  attained  about  one-half  the  theoretic  lift,  or 

jj M^  +  M  V  cos.  /3 

^9  ' 

instead  of 

„ v^  -\-  It,  Fcos.  /J 

~  9 

It  is  very  important  that  the  pressure,  p,  in  any  test,  be  measured, 

for  by  its  aid  we  can  interpret  results  much  more  intelligently  than 

has  been  done  in  the  past.     For  instance:  The  lift,  h,  above  the  pump 

should  equal  ^r—  -\-  p,  and  the  deficiency  shows  what  is  lost  after  the 

^9 
water  passes  the  joint,  (/.     Thus  we  may  determine  where  the  greatest 

loss  occurs. 

Balancing. — The  much-discussed  subject  of  balancing  centrifugal 
pumps  should  be  studied  in  the  light  of  the  j)receding  remarks.* 

The  assumption  that  the  pressure  head  under  the  propeller  disk  is 
that  due  to  the  lift  above  the  wheel  is  certainly  wrong.  The  problem 
is  dififerent  in  every  design,  and,  in  any  design,  the  j^roportions  affect 
the  results. 

The  following  special  case  is  interesting:  The  wheel,  A  A,  Fig.  3, 
revolves   over    the   fixed    plane, 
B  B,  with  peripheral  velocity,  ti. 
The    space,    C   C,  is  filled   with 
water   which    revolves   with    A,     g^ 


dx       A 


1     c 


r>  •  n 

and,  by  virtue  of  its  centrifugal  -p      „ 

force,    exerts    a   pressure   down- 
ward on  B  and  upward  on  A.     What  is  the  force  tending  to  lift  A  ? 

The  head,  at  the  distance,  x,  from  the  axis,  is  ^,  where  u^  = —  u. 
'  '     '  ^L  g  J-        J. 

The  upward  pressure  on  a  ring,  of  radius,  x,  and  radial  width,  d  x,  is 

Tx^  w^  -^^  W'u^  3   , 

dp  —  2  7t  X  d  X  X   W^ 2  =  ^ r ^  "  x. 

'  2gr  g  r^ 

Integrating  between  x  =  r  and  x  =  0,  we  get 

2  2 

which  is  half  the  pressure  on  a  circle,  of  radius  r,  due  to  a  head  of 

2 

-^— .     This  uplift  is  doubled  in  some  designs  proposed  later  herein. 

^9 

*  Engineering  News,  Vol.  38,  p.  75. 
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Form  and  Beplh  of  Vanes. — According  to  the  mathematical  analysis 

on  page  174,  the  ratio,  — ^,  does  not  aflfect  the  head  tinder  which  the  pnmp 

can  work.  Notwithstanding  that,  the  ratio  should  be  selected  with 
care,  in  order  that  the  pump  may  be  otherwise  proportioned  conven- 
iently and  efficiently.  In  the  light  of  the  preceding,  there  are  no 
grounds  for  making  the  outer  radius,  r,  two  or  three  times  the  inner 
radius,  r,,  as  seems  to  be  the  common  practice. 

Some  builderg  state  that  every  particle  of  water  should  pass  around 
with  the  wheel  at  least  once,  and  most  of  ^hem  accept  that  idea  (judg- 
ing by  the  jH-oportious  of  their  pumps).  This  is  probably  due  to  some 
notion  that  full  centrifugal  effect  is  not  produced  until  the  particle 
has  made  one  revolution  around  the  axis.  The  seriousness  of  this 
error  in  pumps,  as  heretofore  designed,  lies  in  the  fact  that,  in  i^ropor- 
tioning  them  accordingly,  the  area  of  the  surface  over  which  the  water 
moves  at  a  high  velocity  is  made  much  greater  than  necessary.  While 
there  are  lacking  experimental  data  on  the  friction  of  water  passing 
over  smooth  surfaces  at  such  velocities  as  occur  in  pumps,  such  facts 
as  are  known  point  to  very  serious  loss  due  to  this  cause. 

It  is  the  writer's  opinion  that  the  less  the  radial  depth  of  the  ])ro- 
pellers  the  better;  provided  that  every  particle  of  water  be  brought  to 
one  condition,  as  to  pressure  and  velocity,  before  escaping  from  the 
wheel;  and  that  the  inner  tips  of  the  propellers  (vanes)  be  set  to  part 
the  approaching  water  without  shock.  It  may  be  noted  here  that  if 
the  vanes  be  made  short  it  becomes  impracticable  to  make  /i  much 
less  than  90^,  except  in  the  special  design  shown  in  Fig.  11. 

It  is  evident  that  the  inner  terminiis  of  the  vane  is  immaterial,  theo- 
retically, provided  it  has  the  proper  forward  inclination,  as  specified 
above.  The  simplest  construction  is  that  shown  in  Fig.  11,  where  the 
vanes  are  sheared  off  at  their  inner  limits  parallel  to  the  axis  and 
reaching  only  to  the  periphery  of  the  circular  inlet.  If  they  extend 
to  the  center,  as  in  Fig.  6,  the  forward  inclination  of  the  edges  should 
vary  from  nothing  at  the  center  to  the  maximiim  at  the  outer  limit  of 
the  inlet. 

Influence  of  Discharge    Pasf^ages. — Thus    far,  this   study  has  been 

confined  to  the  means  of  propulsion  and  its  effects  on  the  fltiid.     The 

♦influence  of  the  passage  which  conducts  the  liquid  from  the  perin.  eter 

of  the  propelling  wheel  to  the  final  straight  discharge  pipe  will  now 
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be  studied.  Here,  conclusions  even  more  interesting  than  in  what  has 
preceded  will  be  found. 

We  can  probably  best  lead  up  to,  and  understand,  this  part  of  the 
subject  by  following  out  the  action  in  a  pump  of  such  proportions  as 
are  known  to  be  common.     Then  modifications  can  be  suggested. 

The  following  data  are  taken  from  a  published  test  of  a  pump 
made  by  one  of  the  best  manufacturers  (unimportant  fractions  being 
omitted)  (see  Figs.  4  and  5) : 


SECTION  C-D  OF  FIG.  4 
l^lGr.  5. 

section  a-b  of  fig.  5. 
Fig.  4. 

r    =  4  ins. ; 

rj  =  12  ins. ; 

/S  =  153°  ;  therefore,  cos.  ^  =  —  0.89; 

u   =z  57  ft.  i^er  second; 

§  =  3  cu.  ft.  i^er  second; 

k   =  —  21  ft. ; 

H  ^  35  ft. ,  as  measured. 
The  width  of  the  propellers  is  not  given,  but  it  will  be  assumed  to  be 
2  ins.,  which  will  make  the  area  of  the  circular  inlet  just  equal  to  the 
area  of  the  inlet  between  the  projaellers,  that  is,  the  water  has  a  con- 
stant velocity  of  8.6  ft.  per  second  as  it  enters  the  wheel  and  passes  in 
between  the  pro^Dellers. 

The  angle,  J,  between   F,  and  u^  is  not  given,  but  it  should  be 
24°  15'  in  order  that  the  water  may  glide  in  without  shock  or  break 
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(see  Fig.  7).  In  sucli  wheels  it  is  common  to  make  the  jaropellers  of 
constant  width.  Assuming  this  to  be  so,  the  outlet  area  will  be  three 
times  as  great  as  the  inlet,  and  the  radial  component  of  the  discharge 
velocity,  therefore,  will  be  one-third  of  8.6,  or  nearly  2.9.  Whence, 
from  Fig.  1,  evidently 

r=^  =  6.8. 

sin.  fi 

Then,  by  Equation  VII,  remembering  that  cos.  /S  is  minus,  we  get 
jH'=90.  As  the  recorded  total  lift  was  35  ft.,  this  would  show  an 
eflaciency  of  40  per  cent.  This  does  not  agree  with  the  report.  How- 
ever, some  of  the  proportions  have  been  assumed,  and  a  glance  at 
Fig.  5  will  show  the  triangle  involving  V,  u  and  «>  in  a  form  unfavor- 
able to  accuracy. 

From  Equation  II,  we  find  v  =  51.  Then,  by  Equation  IV,  we 
have  h—  p  =  41,  and  since  H  =  h  —  k,  and  k  =  —  21,  h  must  be  69. 
This  makes  p  =  28. 

The  reader  miist  bear  in  mind  that  these  are  the  theoretically  per- 
fect results.  "We  know,  from  the  results  of  tests,  that  a  large  part  of 
the  energy  is  lost  somewhere. 

Causes  of  Loss  of  Energy. — Now,  let  us  discover  the  chief  causes  of 
loss  of  energy.  When  understood,  we  may  then  find  means  of  avoid- 
ing, or,  at  least,  reducing  them. 

[a) — The  inner  tips    of  the  vanes  should  point  opposite  to   the 

relative  motion  of  the  incoming  water,  or  tan.    </>  =  — -  ,    where    no 

guide  vanes  are  inserted  (and  this  will,  doubtless,  be  the  common 
practice).  Fig.  7  (a).  To  fulfill  this  condition,  it  is  evident  that  the 
discharge  must  vary  directly  with  the  velocity  of  revolution.  Hair- 
splitting precision  in  this  matter  is  not  essential  nor  practicable,  but  a 
gross  neglect  will  result  in  shock  at  the  point  of  the  vane  and  eddies 
just  behind  it.  In  extreme  cases  of  neglect  of  this  point  a  vacuum 
may  occur  at  about  (c).  Fig.  7,  especially  where  the  suction,  k,  is 
large. 

{h) — From  the  example  above,  we  note  that  the  radial  velocity  at 
the  entrance  between  the  vanes  is  8.6  and  at  the  discharge  2.9,  the 
average  being  5.7,  while  the  outer  tij^  of  the  vane  has  a  velocity  of 
57.0.  Under  these  conditions,  the  wheel  makes  a  little  more  than  one 
revolution  while  a  particle  of  water  passes  from  the  inner  to  the  outer 
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limit  of  the  vanes.  During  this  time  the  water  slips  against  the  fixed 
sides  of  the  casing,  a  distance  of  more  than  6  ft.,  with  a  (relative) 
velocity  varying  between  19  and  57  ft.  per  second.  This  is  true  whether 
the  propellers  be  of  the  open  type.  Fig.  4  (a),  or  the  inclosed  type. 
Fig.  4  (b) ;  for,  in  the  latter,  the  water  surrounding  the  runner  must 
either  slip,  relative  to  the  runner,  or  relative  to  the  fixed  casing,  or 
both.     This  is  probably  one  of  the  chief  causes  of  loss. 

(c) — In  the  examjale  taken  we  foxtnd  u  =  57.  Now,  if  we  knew  all 
the  dimensions  we  could  compute  the  mean  velocity  in  the  volute,  R, 
Fig.  5.     It  should  not,  and  does  not  in  practice,  exceed  10  ft. 

Then  we  would  have,  along  the  surface,  E  E',  or  D  E  F,  one  body 
of  water  moving  against  another  with  a  relative  velocity  of  47  ft.  or 
more.  If  the  wheel  is  of  the  "  hollow-arm  "  type,  that  is,  part  of  the 
wheel  is  solid,  as  at  (b).  Fig.  5,  the  last  two  causes  will  be  even  more 
serious.  Here  must  be  another  important  cause  of  loss.  It  is 
sometimes  called  the  "drag"  at  the  tip  of  the  propellers.  See 
Fig.  5  (a). 

(c?) — Lastly:  When  the  section  of  a  flowiug  stream  is  suddenly  en- 
larged, as  at  E  E\  some  loss  oecui-s.* 

We  have  thus  followed  the  water  through  the  wheel,  have  noted 
the  causes  of  loss  of  work,  and  have,  to  some  extent,  indicated  the  de- 
gree of  importance  of  each.  They  are  not  of  a  nature  that  cau  be 
analyzed  mathematically,  but  are  none  the  less  real.  It  should  be 
mentioned,  perhaps,  that  these  losses  depend  on  the  construction  (or 
design)  of  the  wheel,  its  speed,  discharge,  etc. 

The  remedy  for  loss  [a)  is  apparent.  That  under  [b)  can  be  reduced 
by  deci'easing  the  radial  length  of  the  vanes  and  by  curving  the  vanes 
forward,  thereby  reducing  the  necessary  speed.     See  page  177. 

Losses  {(1)  and  (c)  can  be  avoided  by  means  now  to  be  described. 

The  radical  departure  here  i^roposed,  in  the  construction  of  centri- 
fugal pumps,  depends  chiefly  on  two  jDrinciples,  both  well  known,  but 
neither,  to  the  writer's  knowledge,  having  been  applied  in  this  connec- 
tion.! 

The  discharge  from  the  vessel.  A,  Fig.  8,  will  enter  B  as  long  as 

the  drop,  h,  is  equal  to  the  losses  by  friction,  etc. ;  and  the  velocity  of 

this  discharge  is  dependent  on  the  head  H.     Thus,  without  increasing 

the  area  of  the  orifice,  a,  or  the  effective  head,  h,  we  can  increase  the 

♦Cyclop.  Brit.,  Vol.  13,  Art.  33.  p.  469. 

t  Cyclop.  Brit.,  Vol.  12,  Art.  28,  p.  467,  Fig.  .36,  reproduced  here  in  Fig-.  8. 
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discharge  indefinitely  by  increasing  H.  Now,  suppose  the  vessel,  B, 
to  be  continuous  around  A,  and  that  both  orifices  are  continuous  an- 
nular slots,  as  in  Fig.  9.  Under  this  condition,  the  vessel.  A,  can  be 
revolved  about  its  vertical  axis  without  interfering  with  the  discharge 
or  its  reception  in  B.  This  hints  at  the  apjjlication  of  the  principle 
to  increase  the  flow  from  centrifugal  ijumiis.  But  a  diflBculty  yet 
stands  in  the  way:  If  the  head  in  A  is  due  to  centrifugal  effect,  and  that 
in  B  is  the  resulting  lift,  there  will  be  closely  limited  relations  between 
the  rate  of  revolution,  lift,  etc.,  Avhich,  if  changed,  will  result  either 
in  water  not  entering  B  (when  the  speed  is  too  low),  or  in  air  entering 
with  the  water  (when  the  speed  is  too  high).  To  control  this  better, 
and  for  other  reasons,  ajiparent  later,  we  will  apply  the  second  princi- 
ple, which  is  that  of  the  Spren- 
gel  Pump,  or  aspirator.  See 
Fig.  10.  The  outwardly-flaring 
nozzle  placed  on  the  vessel,  B, 
will  cause  a  suction  at  its  least 
section  when  the  energy  of  the 
discharge  from  A  is  greater  than 
necessary  to  lift  the  water  in  B, 
or    against    the   required    head.  ^IG.  10. 

This  suction  will  tend  to  exhaust  the  air  from  the  space,  n,  sur- 
rounding the  wheel,  /.  As  the  exhaustion  increases  (or  the  pressure 
head,  p,  drops)  the  discharge  will  increase  until  a  state  of  equilibrium 
is  reached.  Then  the  wheel  will  turn  in  partial  vacuum  instead  of  in 
water,  there  being  no  leakage  of  air  inward  nor  of  water  outward, 
though  a  clear  joint  is  left  between  the  wheel  and  the  receiving  noz- 
zle, w.  The  high  velocity  of  discharge  will  give  an  absolute  direction 
of  discharge  a  little  less  than  45°  outward  from  a  tangent  when  /S  =  90 
degrees.  The  flaring  receiving  nozzle,  m,  will  reduce  this  velocity 
gradually  without  serious  loss  of  energy.  Notice  that  all  "thrash- 
ing" of  water  by  impellers,  and  all  "  drag  "  of  rapidly  moving  water 
against  that  which  is  comparatively  still,  are  eliminated. 

Here,  then,  we  have  a  means  of  avoiding  entirely  the  losses  (6), 
(c)  and  {(l).  In  their  jjlace  will  occur  whatever  loss  is  unavoidable 
in  the  nozzle,  m.  The  writer  knows,  from  tests  made  by  himself, 
that  this  can  be  reduced  to  15  per  cent.  See  page  205.  In  such  a 
wheel  the  area  of  the  passage  through  the  wheel  should  be  as  large  as 
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convenient,  to  reduce  velocity,  and  thereby  friction  loss,  inside  the 
wheel,  and  to  give  all  particles  time  to  come  to  one  condition  of  press- 
ure and  velocity.  The  contraction  for  the  outlet  should  be  a  sharp 
curve  near  the  periphery.  Note  that  the  only  sliding  friction  of  the 
water  against  the  wheel  occurs  in  the  radial  movement  of  the  water 
relative  to  the  wheel.  It  matters  not  how  many  times  the  water  goes 
around  mthin  the  wheel. 

The  suction  or  minus  head,  p,  in  the  space,  n,  probably  cannot  be 
specified  until  some  further  experimenting  is  done.  (In  some  experi- 
ments of  the  writer  with  straight  nozzles  it  was  nearly  20  ins.  of  mer- 
cury.) 

Fig.  11  presents  the  writer's  idea  of  a  construction  well  suited  to 
secure  the  conditions  desired,  as  pointed  out  in  the  preceding  para- 
graphs. 

The  design  shown  in  Fig.  11  has  the  further  advantage  that  the  re- 
action of  the  discharge  can  support  the  weight  of  the  wheel  jjartly  or 
entirely.  It  has  also  the  advantage  of  compactness,  and  the  discharg- 
ing and  receiving  nozzles  can  be  more  easily  kept  o^jposite. 

Starting. — On  page  178  it  is  shown  that  when  a  centrifugal  pump 
is  revolving  without  discharging,  the  greatest  pressure  head  it  can 

produce  is        ,  while,  by  Equation  VII,  the  lift,  when  in  operation,  is 

1?  -j-  u  Fcos.  yS      TVT  .         ,,  .,  , 

— .     Now,  since  the  writer  recommends 


found  to  be  i?^ : 


9 


that  cos.  ft  be  always  positive,  or  zero,  it  is  evident  that  a  wheel  cannot 
start  a  discharge,  when  under  back  pressure,  from  the  maximum  lift 
under  which  it  can  work  after  being  started.  This  difficulty  is  over- 
come readily  by  putting  a  check-valve  in  the  discharge,  and  between 
that  and  the  pump  a  valved 
branch  through  which  the  dis- 
charge can  be  made  temporarily 
under  low  head.  Then,  when 
the  pump  gets  its  normal  speed 
and  discharge,  the  starting 
valve,  /,  Fig.  12,  can  be  closed 
gradually,  and  the  flow  will  be 
directed  into  the  main  pii^e. 

In  case  the  greater  part  of  the  total  lift,  H,  is  in  suction,  that  is. 
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when  k  is  negative  and  nearly  equal  to  H,  numerically,  the  branch 
pipe  carrying  the  valve,  /,  should  descend  into  the  sump,  or  source 
from  which  the  water  is  taken.  That  this  is  necessary  will  appear 
from  an  examination  of  Equations  PTand  VII. 

V^  =  u"^  -\.  2  g  {k  —  p) 
and 

g  H=  u^,  {ft  assumed  90°). 
From  these  we  get 

V'^  =  g  {H+1k  —  2p). 
Now,  if  k  is  negative  and  greater  than  half  of  H,  and  p  is  zero  or  any 
positive  quantity,  the  second  member  becomes  negative,  or  F inde- 
terminate. Evidently,  when  k  is  negative  and  nearly  equal  to  H,  p 
must  also  be  negative  and  greater  than  half  of  H.  The  arrangement 
specified  above  will  insure  these  conditions  at  starting.  After 
starting,  p  can  be  controlled  through  the  cock,  c.  Fig.  11. 

In  Fig.  11,  a  small  tube,  s,  starts  from  within  the  inner  limits  of  the 
vanes  and  extends  out  to  the  discharge.  The  necessity  and  duty  of 
these  tubes  will  be  apparent  from  the  following: 

If  a  vessel  containing  water  and  air  revolves  rapidly,  centrifugal 
force  will  sejaarate  the  two  (independently  of  gravity),  the  lighter  air 
being  forced  to  collect  about  the  axis  of  revolution.  This  will  occur 
should  air  by  any  means  get  into  any  of  the  centrilugal  pumps  pro- 
portioned as  in  Fig.  11  (where  the  outlet  is  very  much  contracted  as 
compared  with  the  area  of  the  passage  through  the  wheel).  The  above 
will  not  hold,  however,  in  a  tube  of  constant  cross-section  leading 
away  from  the  axis  of  revolution  and  open  at  the  outer  end,  as  the 
tube,  s.  On  the  contrary,  there  will  be,  in  such  a  tube,  a  suction 
throughout  its  length  due  to  the  accelerated  outwardvelocity  of  what- 
ever water  or  air  may  be  in  the  tixbe.  This  suction,  being  greatest  at 
the  inner  end  of  the  tube,  will  take  out  all  bubbles  that  would  other- 
wise collect  about  the  center  of  the  wheel  and  interfere  with  the 
action. 

A  close  analogy  to  the  above  principle  may  be  found  in  the  suction 
caused  by  water  flowing  down  an  open  vertical  tube. 

If,  in  practice,  the  suction,  p,  in  the  space,  n,  is  foiind  greater  than 
k,  the  same  purpose  could  be  accomplished  by  a  small  hole  in  the 
top  of  the  v/heel,  as  at  g.  Fig.  11. 
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Method  of  Proportioning. — The  formulas  necessary  in  designing' 
are: 

V^^u"  ^'Ig  [k—p)    • {VI) 

H  ^^^^  +  ^^Fcos.^     

9  ^         ' 

Q   =27trbV  sin.  /3 ( VIII) 

Q   =  2  TT  rj  &i  t?!  sin.  (p i^-^) 

These  must  be  applied  intelligently  in  order  to  work  out  the  dimen- 
sions of  the  principal  parts  of  a  pump.  The  fixed  conditions  will 
usually  be  H,  Q  and  k;  p  can  be  assumed  with  practical  accuracy  after 
some  experimenting.  For  reasons  heretofore  given  (pages  175  and  184), 
it  ought  to  be,  and  probably  will  be,  nearly  equal  to  k.  Then,  until 
experiments  give  more  reliable  information,  we  may  assume  p  =  k. 
For  reasons  of  simplicity  and  economy  of  construction,  it  is  probable 
that  the  outer  tip  of  the  propelling  vanes  will  be  made  radial,  that  is, 
/5  =  90  degrees.  For  the  same  reason,  it  is  probable  that  the  guide 
vanes  at  the  entrance  will  be  omitted,  that  is,  0  =  90  degrees. 
With  these  simplifications  the  several  formulas  become : 

F2=  u"  -i-  2  g  {k  —  2:>) (VI) 

\? 
E  =— {Vila) 

9 
Q   =2  7trbV ( Villa) 

Q   =2  7t  r^biVi {IXa) 

The  working  out  of  proper  proportions  will  now  seem  simple,  but 
a  diflSculty  will  be  found,  in  that  b  will  in  many  cases  be  embarrass- 
ingly small.  This  fact  alone  will  prevent  the  application  of  such 
pumps  where  the  lift  is  great  and  the  quantity  small.  (Modifications 
to  overcome  this  difficulty  are  described  on  page  202.) 

The  most  i-ational  order  of  proceeding  will  be  to  assume  a  velocity 
through  the  intake  channel,  v^,  and  also  the  velocity  of  entrance  to 
the  vane,  v^.  These  may  both  be  taken  safely  at  10  ft.  per  second. 
As  soon  as  the  velocity  through  the  intake  is  fixed,  r^  becomes  known, 
from  the  condition,  tt  r^j  X  velocity  =  Q,  for  a  single  intake;  or 
2  7t  7-^1  X  velocity  =  Q,  for  a  double  intake.     We  can  then  find  b^  from 

Equation   IX.     Next,   assume  —   between  0.50  and  0.75.      This  will 

fix  r.     ?(  will  be  found  from  Equation  VII,  F  (relative  velocity),  from 
Equation  VI,  and  b  from  Equation  VIII. 

Before  leaving  the  subject  of  centrifugal  pumps,  attention  should 
be  called  to  the  advantage  of  making  both  the  discharging  and  receiv- 
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ing  nozzles  detachable.  Then,  with  a  few  standard  sizes  of  wheels 
and  casings,  nozzles  can  be  attached,  to  meet  any  ordinary  require- 
ments, thus  reducing  the  cost  of  manufacture;  it  is  further  desirable, 
on  account  of  the  liability  of  the  nozzle  to  wear,  especially  if  the  water 

is  at  all  gritty. 

Impulse  Pumps. 

The  name  "  impulse  j^ump  "  is  given  by  the  writer  to  that  class  of 
rotary  jjumps  in  which  the  energy  is  imparted  to  the  water  by  im- 
pulsive action.  They  must  be  placed  in  a  class  by  themselves,  for, 
though  resembling  centrifugal  pumjjs  in  some  points  of  construc- 
tion and  in  their  mathematical  formulas,  they  are  quite  different  in 
principle,  and  present  another  set  of  problems  for  solution.  It  is  some- 
times said  that  such  pumps  are  the  reverse  of  the  impulse  water-wheel. 
That  is  time,  as  to  principle,  but  an  impulse  water-wheel  turned  back- 
ward would  not  make  a  pumjj. 

To  show  that  the  action  is  independent  of  centrifugal  force,  sup- 
pose the  vanes,  IF  W,  Figs.  13  and  14,  to  move  forward  in  a  straight 
Hne.  Then  there  could  be  no  centrifugal  force,  and  yet  the  water 
would  be  caught  up  and  thrown  out  at  the  upper  edge  with  a  velocity, 
V,  as  shown  in  the  figures. 

In  practice,  the  vanes  must  be  placed  on  the  periphery  of  a  wheel, 
Fig.  15,  and,  if  the  discharge  is  outward,  it  is  apt  to  be  mistaken  for 
a  centrifugal  pump.  In  fact,  in  that  case,  there  will  unavoidably  be 
some  centrifugal  effect;  but,  if  i^roportioned  to  get  the  best  results 
from  impulsive  effect,  the  centrifugal  effect  will  be  relatively  small. 
If  the  vanes  are  set  to  move  the  water  parallel  to  the  axis,  as  in  Fig. 
16,  there  can  be  no  centrifugal  effects.  The  vanes  may  even  be  set  to 
throw  the  water  inward  toward  the  axis. 

Careful  attention  should  be  given  to  the  following  distinctive  con- 
ditions in  purely  impulse  pumps,  viz. :  There  should  be  no  change  of 
pressure  in  the  fluid  as  it  passes  out  between  the  vanes,  the  energy 
imparted  to  the  fluid  api^earing  as  increase  of  velocity  alone.  That 
this  is  true  will  appear  on  inspection  of  Fig.  13  [b),  where  the  vane  is 
only  partly  filled,  the  water  being  under  atmospheric  pressure 
throughout;  yet  as  much  energy  will  be  imparted  to  the  water  in  Case 
(6)  as  when  the  space  between  the  vanes  is  filled.  To  meet  this  condi- 
tion requires  that  the  area  of  the  jjassage  between  the  vanes  be  pro- 
portioned carefully  throughout.     This  is  not  necessary  in  centrifugal 
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pumps.     It  may  be   said  here   tliat    purely  impulse   pumps   are  not 
likely  to  be  attempted  in  practice.     (See  page  197.) 

Formulas  Belnting  to  Impulse  Pumps. — Consider  first  the  general 
case  of  an  outward-flow  pump  with  guide  vane,  Fig.  15  [b).  Then, 
using  the  symbols  heretofore  applied  to  centrifugal  pumps,  we  have 

at  the  entrance 

F^j  =  ■»^,  +  w"!  +  2  ii|  v■^  COS.  0 [X) 

Equation  /  applies  to  this  case.     Hence 

V^  =  V\  +  i^-u', (/) 

and  at  the  discharge  we  have,  as  in  centrifugal  pumps, 

v^  =  F^  +  m2  _|_  2  u  Fcos.  (5 (//) 
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Fig.  17 


parallel-flow  impulse  pump. 
Fig.  16 


These  formulas  are  general,  from  a  theoretic  point  of  view.     They 

show  that  to  get  the  greatest  lift,  ^ — ,  with  a  fixed  u  and  v,,  the  angles, 

0  and  /?,  should  be  as  small  as  possible;  but,  from  a  more  practical 
point  of  view,  there  are  sharp  limitations  to  this.     Notice  that  the 
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length  of  the  vanes  is  not  involved  in  the  foregoing  formulas.  Ee- 
member,  also,  that  to  reduce  friction  losses,  the  surface  over  which  the 
water  passes  at  a  high  velocity  should  be  the  least  possible,  consistent 
with  other  requirements.  For  this  reason  it  will  probably  be  found 
best  to  make  the  vanes  short,  even  at  the  sacrifice  of  some  of  the 
curvature.  Furthermore,  the  construction  will  be  simplified  and 
cheapened  by  omitting  the  guide  vanes,  g,  g.  Then  0  becomes  90  de- 
grees. For  similar  reasons,  fi  will  usually  be  90  degrees.  Under 
these  conditions,  substituting  from  Equations  Xand  I,  since  cos.  (p 
and  COS.  /i  are  both  zero,  Equation  //  becomes 

t,2  =  2  «2  +  v\ {XI) 

The  same  reasoning  and  the  same  formulas  will  apply  where  the 
flow  is  parallel  to  the  axis,  as  in  Fig.  16.  In  this  case,  u^  =  u,  and 
therefore  Fj  =^  V.     This  is  also  evident  on  inspection. 

By  the  law  of  hydraulics,  that  velocity  head  plus  pressure  head  = 
total  head: 

^+f;  =  ^ ^^") 

Notice  thatp  reaches  the  entrance  vanes,  for  there  is  no  change  of 
pressure;  and,  since  the  head,  H,  must  be  imj^arted  to  the  water 
while  it  passes  between  the  vanes,  we  have,  by  the  law  of  conserva- 
tion of  energy,  neglecting  the  velocity  in  the  discharge  main, 

then,  taking  the  equivalent  of  k  —  p  from  Equation  XII, 

i?=2-,-(i-rt  =  ^ (™) 

In  this  case  k  can  never  equal  p,  for,  if  it  did,  i\  would  be  zero, 
and  no  work  would  be  done. 

Remember  that  when  p  and  Tc  represent  suction  they  are  in  them- 
selves minus,  indej)endently  of  the  signs  of  the  equation. 

If  in  Equation  XIII,  which  is  general,  we  substitute  the  special 
value  of  V-  from  Equation  XI  we  get 

ii'=  gH {^ly) 

Notice  that  Equations  X/ and  X//7  should  not  be  applied  except 
under  the  conditions  specified  in  deriving  Equation  XI.  These  con- 
ditions, however,  will  be  common  ones  in  practice. 

Suction  Head  in  Air- Chamber. — On  page  192  it  is  stated  that  the 
pressure  should  not  change  while  the  water  is  passing  out  between 
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the  vaaes.  The  pressure  which  actually  exists  is^;  that  fixed  by  the 
suction  in  the  throat,  m.  (The  remarks  on  page  185  a^jply  in  this  case 
as  well  as  in  centrifugal  pumps.)  In  this  case  the  pressure, p,  reaches 
the  entrance  to  the  vanes,  and,  by  Equation  XII,  v^^  depends  on  p  ;  k 

being  assumed  as  fixed.     Theoretically,  p  =■%  —  ^ —  (neglecting  fric- 

tion  and  velocity  in  the  discharge  pipe). 

It  appears,  then,  that  until  we  have  some  experimental  data  con- 
cerning p,  the  discharge  of  such  pumps  cannot  be  predicted  accu- 
rately. Equations  F7,  VII,  VIII  and  IX  apply  also  to  impulse  pumps. 

Areas  of  Passage  Between  Vanes. — Theoretically,  we  would  get  the 
same  impulsive  effect  if  the  space  between  the  vanes  were  only  partly 
filled,  as  in  Fig.  13  (&);  but,  to  avoid  all  possibility  of  spraying,  shocks, 
or  sudden  change  of  velocity,  it  is  necessary  that  the  water  occupy  the 
whole  volume  of  the  interior  of  the  wheel,  and  issue  therefrom  in  one 
unbroken  sheet  of  uniform  velocity  around  the  circumference.  In 
order  that  this  condition  be  satisfied,  and  also  that  there  be  no  change 
of  pressure  in  the  passage,  it  is  necessary  that  the  areas  be  propor- 
tioned carefully.  Using  the  same  symbols,  and  assuming  that  there 
are  guide  vanes  at  the  entrance,  in  Fig.  14  (b),  we  have,  since  »i  sin.  (p 
is  the  radial  component  of  the  velocity  at  the  entrance, 

v^  sin.  (p  x2  tc  i\bi=  Q (^^) 

Whence  we  get  by  Similarly,  at  the  exit  we  have  for  the  radial  com- 
ponent:  Fsin.  /i,  or  v  sin.  &. 

Hence, 

V  sin.  /i  X  2  7trb=  Q ,  ( VIII) 

Whence  we  get  b. 

Evidently,  in  these,  we  assiime  that  the  vanes  begin  and  end  in  a 
knife-edge.  At  any  intermediate  section  of  the  passage  the  thickness 
of  the  vanes  must  be  considered.  The  relative  velocity  at  any  inter- 
mediate section  can  be  found  by  Equation  I,  viz., 

V\  =  V\  +  u\-ic\, 
and  the  radial  component  is  always 

R,  =  V,  sin.  /J,; 
and 

R^i2  7tr,-H()b^=  Q. 

Whence  b^^. 

The  subscript,  a,  indicates  the  intermediate  section;  n  =  number 
of  vanes  in  the  pump,  and  /  =:  thickness  of  the  vane  at  the  point,  a. 
This  refinement  need  never  be  applied  in  practice. 
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There  is  no  ajjparent  mechanical  principle,  or  practical  difficulty, 
that  would  prevent  the  combination  of  centrifugal  and  impulsive 
effects.  In  that  case  the  areas  of  the  passageway  need  not  be  jjropor- 
tioned  as  carefully;  but,  on  the  other  hand,  since  the  pressures  at  the 
entrance  and  the  discharge  to  the  vanes  would  no  longer  necessarily 
be  equal,  the  wheel,  disk,  or  web,  should  be  made  solid,  and  air 
admitted  to  the  opijosite  sides  by  separate  tubes,  as  at  t  and  /;,  in  Fig. 
16;  otherwise  the  web  of  the  wheel  can  be  perforated  as  at  y,  in  Fig. 
18,  and  the  pipe,  i^,  omitted. 

Proportioning. — For  convenience,  the  necessary  general  formulas 
for  designing  impulse  pumps  are  here  reprinted: 

F^j  =    -y^i  -\-  ii\  -f-  2  Vj  Mj  cos.  (p (X) 

V'=    V\+h'-u\ (/) 

v-  =    F^  +  »-  +  2  n  Fcos.  /i {fl) 

H  =  '^'  ~   ^"^    {XIII) 

2  g 

Q  =  2  TT  r^  &!  ■»,  sin.  0 (IX ) 

q  =1itrh  Fsin.  ft ( VIII) 

In  parallel-flow  pumjis,  r,  must  be  taken  as  the   radius  to   the 

center  line  of  the  inlet,  and  r  that  to  the  center  line  of  the  outlet  to 

the  vanes,  and  ft,  and  h  are  the  widths  of  the  vanes,  radially,  at  the 

inlet  and  outlet,  respectively.     See  Fig.  16. 

"When  0  and  ft  are  both  90  degrees: 

1,2  =  2  H-  +  t;2, (AY) 

r?  =  g  H^"""'-^ {XIV) 

Q  =  2nr^biV^ (IXn) 

Q  =  27trbV (  Villa) 

The  order  of  jsroceeding,  to  get  the  chief  dimensions  of  an  out- 
ward-flow impulse  pump,  would  be  about  as  follows :  Q  and  H  being 
given,  k  will  be  determined  by  considerations  of  convenience.  The 
diameter  of  the  entrance  to  the  wheel  will  be  fixed  by  the  permissible 
velocity  at  the  entrance,  which  may  be  10  ft.  or  less;  say  v..  Then 
jt  r^^  V,  =  q,  if  the  inlet  is  on  one  side  only,  or  2  tt  r,  v^  —  Q,  if  on 
both  sides.  Thence,  r..  Then  r,  of  the  equations  for  the  outward - 
flow  pump  should  be  a  little  greater  than  r,,  in  order  to  provide  a 
short  curved  approach  to  the  vanes. 

Next,  we  must  decide  on  Vj.  This  dej^ends  on  p,  which  is  a  matter 
of  some  ixncertainty  until  some  experimental  data  are  collected.     &'ee 
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page  196.     For  the  jDresent   discussion   t\  will  be  assumed  as  deter- 
mined.    Then  b^  is  obtained  from  Equations  IX  or  IXa. 

The  outer  radius,  r,  may  be  fixed  by  considerations  of  convenience 
of  construction,  and  whatever  light  exjierience  throws  on  the  subject. 
Undoubtedly,  the  vanes  shoiild  be  as  short  as  possible,  consistent 
with  other  necessary  conditions.  When  a  length  of  vane  is  thus  fixed 
the  next  stej}  should  be  to  find  a  corresiJonding  value  of  it  that  wt.11 
give  the  necessary  head.  Unfortunately,  the  direct  determination  of 
u  from  Equations  X,  I,  //and  XIII,  when  H,  v,  /?,  and  (p  are  given, 
is  a  difficult  problem.  For  a  single  computation  it  would  be  easier 
to  assume  values  of  u  and  compute  H,  until,  by  trial,  a  sufficiently 
close  value  of  u  is  found.  If  much  work  of  this  kind  has  to  be  done, 
tables  should  be  prepared  showing  the  relations  between  u  and  H  for 
such  values  of  /?  and  (p  as  may  be  put  in  common  use. 

When  H  is  determined,  Fcan  be  obtained  from  Equations  X  and 
/,  and  then  b  can  be  found  from  Equation  VIII. 

'  Should  it  be  determined  to  make  the  pump  without  guides,  and  to 
make  /?  =  90°,  then  special  Equations  XI,  XIV,  IXa  and  Villa 
enable  us  to  proceed  dii-ectly. 

The  fixed  vanes,  e,  are  to  stop  the  revolution  of  the  water  and 
direct  it  along  the  discharge  pipe.     Three  such  vanes  should  suffice. 

The  reaction,  R,  parallel  to  the  axis,  due  to  the  discharge  of  the 
water  from  the  wheel,  will  be,  from  the  well-known  laws  of  reaction: 

WV 
9 

In  the  method  by  which  Equation  /is  obtained  for  imj)ulse  pumps 
and  motors,  the  analysis  follows  a  single  i^article.  This,  of  course,  is 
not  the  actual  condition,  and  the  writer  suspects  that,  in  impulse 
pumps,  and  water-motors  especially,  the  difference  between  the  actual 
and  assumed  conditions  leads  to  serious  errors.  To  explain:  Supj)ose 
the  vane,  d  ef,  Fig.  20,  to  move  with  the  _^       ^  \ 

velocity,  u;  our  analysis  assumes  only  one  ,/    '  ^'' 

thin  lamina  of  particles  following  the  sur-  I 

face  of  the  vane,  but,  in  practice,  there  e>^^-,        s^^s^^g^^g^ 

would  be  a  considerable  depth  normal  to  ^^^^^jg^^gSSg^^ 

the  vane,  and  each  lamina  is  deflected  by    -•^^^^^^^-^■^-^-:^^^s^^^ss-^:^:= 
pressure  (or  reaction)  from  the  next  one  ^^'  '''^' 

beneath.     Thus  the  lamina  against  the  vane  must  be  under  greater 
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pressure  than  the  outer  one,  and  where  the  water  reaches  the  discharge 
line,  d  a,  that  at  d  will  escape  with  greater  velocity  than  that  at  a. 

It  appears  that  the  above  circumstance  will  make  our  formulas  for 
impulse  jDumps  unreliable,  and  it  must  also  reduce  the  eflficiency  seri- 
ously, for  there  must  be  considerable  loss  by  friction  when  the  laminae 
of  water  move  with  high  and  low  velocities  side  by  side. 

The  best  remedy  the  writer  can  suggest  is  to  increase  the  number 
of  vanes,  to  divide  the  water  into  thin  laminae,  until  the  advantage 
thus  gained  is  lost  by  increase  of  surface  friction.  Further  discussion 
on  this  point  will  be  found  on  page  204. 

The   foregoing   discussion    will   not   apply  to  centrifugal  pumps, 
properly  so  called,  for  there  the  area  of  passage  shoiild  be  so  large 
that,    by  thus    reducing    the 
velocity,     all     the     liquid    is      r~-^^i^  ^ 
brought  to  one   condition   as 
to   pressure   and  velocity  be- 
fore escaping.     See  page  181. 

Fig.  21  shows  diaLgrammat- 
ically  what  Mr.  J.  Richards 
calls  an  impulse  pump.  The 
writer  is  unable  to  see  m  it 
any  advantage  justifying  its 
existence,  but  rather  the  con- 
trary. One  extraordinary  con- 
dition in  this  design  is  that 
the  flow  between  the  propel- 
lers is  not  continuous.  A 
glance  at  the  figure  will  show 
that  the  discharge,  during  the 
instant  in  which  any  two  propellers  occupy  the  positions,  a  e  and 
bf,  is  limited  to  the  channel,  ah-ef,  and  the  velocity  through  ah  must 
be  high.  The  next  instant,  when  e  passes  f,  the  outward  motion 
of  the  water  in  e  ah  f  must  be  stopped,  and,  in  the  same  time,  that 
in  h  g  ae  must  be  given  the  outward  motion.  It  is,  indeed,  a  tiling  of 
impul.^es.  Surely  such  conditions  are  not  favorable  to  smooth  working 
and  high  eflSciency. 

Empirical  Coefficients. — In  all  that  has  preceded,  perfect  eflBciencies 
have   been  assumed,  in   order  to   present   the   underlying   principle 
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clearly.  Every  reader  knows  that  results  computed  by  the  various 
formulas  cannot  be  realized  in  full.  Experience  alone  can  sujaply  the 
coefficients  necessary  to  make  them  sufficiently  correct  for  practice. 
Until  some  experiments  are  available,  the  following  may  give  some 
light  on  this  matter: 

After  a  wheel  is  built,  as  the  lift  depends  only  on  the  peripheral 
velocity,  v,  by  computing  u  for  a  head  greater  than  that  specified, 
allowance  can  be  made  for  imperfect  efficiency.     For  instance,  if  the 

4 

efficiency  in  lift  is  known  to  be  1^%,  and  u  is  comijuted  for  ^r-  H,  we 

o 

will  get  the  head  required. 

In  the  matter  of  discharge,  it  is  known  that  the  coefficient  of  dis- 
charge from  well-rounded  nozzles  is  very  nearly  unity.  Hence,  it  is 
probable  that  the  equation  for  fixing  the  dimensions  of  the  passage 
will  give  results  which  are  nearly  correct  when  the  approaches  are 
rounded  properly. 

Practical  Limitati<ms. — A  little  inspection  of  the  equations,  and  the 
solution  of  a  few  numerical  examples,  will  reveal  the  unfortunate  fact 
that  these  jDumps,  either  centrifugal  or  impulse,  in  which  the  pressure 
in  the  air-chamber  is  below  that  of  the  atmosphere,  are  not  applicable 
when  the  quantity  of  water  to  be  pumped  is  small,  while  the  head  is 
high;  the  reason  being  that  the  width  of  the  peripheral  discharge  slot 
becomes  impracticably  small.  Just  where  this  limit  will  be  drawn  in 
practice  the  writer  will  not  undertake  to  say.     Seepage  202. 

Example. — Proportion  a  pump  to  lift  20  cu.  ft.  per  second  through 
10  ft. 

Let  the  entering  velocity  to  the  wheel,  v^  =  15  ft.,  and  to  the  vanes, 
Vi  =  10  ft. ;  then  the  area  of  the  circular  entrance  must  be  1.33  sq.  ft., 
or  the  diameter  nearly  15^  ins. 

Now,  if  we  make  r^  —  9  ins. ,  it  will  give  1 J  ins.  for  ciirving  the 
approach  to  the  vanes.  Then,  by  Equation  IX,  &,  is  found  to  be 
nearly  5  ins.  If  ten  vanes  are  put  in  they  will  be  nearly  5J  ins.  apart 
at  the  entrance.  If  they  are  made  4  ins.  deep,  radially,  r  becomes 
18  ins.  Then,  by  Equation  Vila,  it  is  found  that  ti^  =  320,  or  w  should 
be  about  18  ft.  per  second,  or  about  2.6  revolutions  per  second.  From 
Equation  F/(assuming^=p),  F=  18,  nearly,  and  from  Equation  FZ//«, 
b  =0.2  ft.,  or  nearly  2|  ins. 

Evidently,  then,  such  a  pump  would  pass  any  solid  in  which  the 
greatest  dimension  does  not  exceed  2|  ins.     It  may  be  worth  while  to 
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notice  that,  should  any  solid,  too  large  to  j^ass,  get  into  the  pump,  it 
will  cause  no  break  nor  even  a  grinding  on  any  surface,  but  will 
merely  lodge  in  the  wheel  and  tiarn  with  it. 

It  is  stated,  on  page  189,  that  in  proportioning  pumps  to  work  as 
there  assumed,  the  width,  b,  of  the  annular  discharge  slot  would  some- 
times be  foitnd  imiiracticably  small;  and,  for  that  reason  alone,  the 
scheme  could  not  be  apj)lied  in  cases  where  the  quantity  required  is 
small  and  the  lift  great, 'as  comjiared  with  conditions  under  which 
centrifugal  pumps  usually  work.  This  difficulty  can  be  overcome  by 
devices  now  to  be  described. 

The  chief  purpose  now  in  view  is  to  surround  the  propelling  wheel 
with  air  at  a  pressure  above  that  of  the  atmosphere,  so  that  the  neces- 
sarv  conditions, 

2 

mav  be  fulfilled  when  -;^  is  less  than  h.     Or,  in  other  words,  so  that 

the  velocity  of  discharge,  v,  can  be  reduced  and  the  discharge  area, 
2  It  r  b  sin.  fi,  be  increased  accordingly. 

For  accomplishing  this  purpose,  Fig.  22  shows  a  scheme  which  has 
some  additional  i^oints  of  advantage.  In  this,  the  air  in  the  chamber, 
71,  IS  not  taken  directly  from  the  atmosphere,  as  in  the  previous  prop- 
ositions. Fig.  11.  It  is  first  taken  into  the  intake  or  suction  pipe,  Q, 
through  a  cock  c,  (or,  if  the  water  is  naturally  gaseoiis,  c^  may  be  closed 
or  omitted).  The  air  then  passes  through  the  pump  as  entangled 
bubbles,  and  is  drawn  out  of  the  discharge  pipe  wherever  most  con- 
venient, and  permitted  to  enter  the  chamber,  n,  through  the  pipe,  S, 
the  rate  of  j^assage  being  controlled  by  a  cock,  C2. 

That  the  above-described  action  can  be  obtained  will  be  apparent, 
from  the  following: 

The  pressure  of  the  air  in  the  discharge  pipe  will  be  that  due  to  the 
remaining  lift,  li,  while  that  in  the  chamber,  n,  must  be  the  same  as 
the  pressure  in  the  water  as  it  passes  the  open  joint,  d.  Now,  by 
well-known  laws  of  hydraulics,  the  pressure  at  the  joint,  d,  where  the 
velocity  is  high  {rr'  =  V-  +  «'■  -|-  2  u  Fcos.  /i),  cannot  be  as  great  as 
that  in  the  discharge  pipe  where  the  velocity  is  low  (the  slight  difference 
of  elevation  being  neglected).  Hence  there  will  be  a  tendency  for  the 
fluid  to  flow  through  the  pipe,  ^S*,  and  the  cock,  c^,  into  h.  The  pipe,  S, 
of  course,  should  tajj  the  discharge  pipe  at  a  point  where  the  air  tends 
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to  collect.  A  very  small  stream  of  air  entering  a^  will  suffice,  for  all 
that  is  necessary  is  to  replace  the  leakage  of  air  through  the  stuffing- 
box.  The  circulation  can  be  controlled  by  adjusting  the  cocks,  c-^  and 
c.,.  Any  surplus  of  air  will  pass  oflf  through  the  discharge  pipe.  The 
water  gatige,  W,  will  show  whether  or  not  the  chamber,  n,  is  free  of 
water.  The  pressure  gauge,  a,  is  not  essential,  but  should  always  be 
attached,  as  it  gives  valuable  information. 

The  advantage  of  this  scheme,  as  announced  at  the  outset,  is  that 
the  width,  b,  or  E  J  oi  Fig.  22,  is  not  restricted;  but,  where  high  effi- 
ciency is  the  object,  the  fixed  deflecting  vanes,  g  g  (Fig.  24),  should  be 
inserted  to  turn  the  water  downward,  thus  stopping  its  revolution  and 
checking  its  velocity  accordingly,  as  soon  as  it  leaves  the  propeller 
(more  fully  explained  later).  This  will  prevent  what  might  be  serious 
loss  due  to  fluid  friction. 

In  this  design  the  propeller  vanes,  W  W,  extend  to  the  center 
(though  this  is  not  essential).  By  this  means,  it  is  believed,  the 
water  will  be  taken  up  with  less  shock,  and  can  be  brought  to  a  state 
of  steady  rotation  before  discharge,  with  more  certainty  and  with 
fewer  propelling  vaaes.  With  this  intention,  the  designer  should  see 
that  the  vane  everywhere  parts  the  approaching  water  without  conflict. 
To  meet  this  condition  the  vanes  should  be  vertical  at  the  center  and 
have  a  gradually  increasing  forward  pitch  at  the  lower  edge  as  the 
distance  from  the  center  increases. 

Notice  that  there  is  no  tendency  for  the  water  to  flow  back  through 
the  joint,  £J  F,  for  the  water  at  F  is  already  under  centrifugal  force, 
and  hence  there  is  as  much  tendency  for  the  water  to  flow  out  through 
F  E  AS  to  flow  back. 

The  design,  Fig.  22,  is  the  writer's  study,  to  combine,  in  the  highest 
degree,  compactness,  simplicity  of  castings,  and  efficiency.  Some 
other  designs  embodying  the  chief  features  are  shown  in  Figs.  30 
and  32. 

When  this  style  of  pump  is  to  be  applied  in  dredging,  the  deflect- 
ing vanes,  g  g,  should  be  omitted,  the  propelling  vanes,  W,  made  few 
and  strong,  and  the  receiving  chamber,  R,  be  made  a  "volute,"  that 
is,  the  area  of  R  should  increase  progressively  in  the  direction  of 
revolution,  and  the  water  in  it  should  move  in  the  direction  of  revolu- 
tion only.  Thus  modified,  there  is  no  apparent  reason  why  it  should 
not  give  excellent  results  as  a  dredge  pump.  Note  that  grit  cannot 
get  to  the  bearings,  and  that  the  area  of  discharge  is  unrestricted. 
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Ooncerning  the  pressure,  p,  in  the  chamber,  n,  the  following  may 
be  interesting: 

V 

A  necessary  relation  is  — \-  P  ^  h. 

Doubtless,  such  pumj^s  will  usually  be  made  with  the  oiiter  tips 
of  the  propelling  vanes  perpendicular  to  the  direction  of  motion 
{ft  =  90°);  then  v^  =  V-  -\-  ic\     Substituting,  we  get 

2  g  2  g 

Now,  the  object  of  this  design  is  to  make  F small,  and  it  should  be 

less  than  8  ft.     On  this  assiimption,  will  be  less  than  one.  Hence, 

2  g 

for  the  present  purj^ose,  it  may  be  neglected.  Remember,  also,  that 
=  H.  (See  pages  174  and  175.  Substituting  this,  the  relation  be- 
comes p  =^h ~-  ,  approximately. 

Theoretically,  the  equations  derived  heretofore  will  apply  to  this 
desiga;  but,  practically,  they  are  of  little  value  (except  the  relation, 
?/  =  <7  H),  for  in  this  case  a  convenient  value  for  F  (4  to  8  ft.  per 
second)  can  be  assumed,  and  the  parts  proportioned  consistently. 

That  the  assumed  Fmay  be  realized,  the  actual  efi'ective  lift  must 
be  something  less  than  the  maximum  theoretic  lift,  H,  reduced  by 
whatever  friction  losses  occur  beyond  the  open  joint,  d.  This  is  a 
matter  that  cannot  be  formulated.  Experience  alone  can  give  light 
upon  it. 

Relaiion  of  Vanes  to  Each  Other. — In  the  preceding  discussions  it 
has  been  pointed  out  repeatedly  that  the  edges  of  the  vanes  should  be 
set  so  that  the  passing  water  will  be  parted  without  shock  or  "  eddies," 
that  is,  they  should  be  in  the  plane  of  relative  motion.  We  have  now 
to  consider  the  best  relation  of  one  vane  to  the  next. 

It  has  also  been  pointed  out  that  the  common  forms  of  centrifugal 
pumps  lose,  by  "drag"  at  the  tips  of  the  propellers,  must  of  the 
energy  due  to  velocity  ("  kinetic  "  energy),  and  that  this  is  just  half 
of  the  energy  in  the  water.  It  is  therefore  well  to  give  some  study  to 
a  means  of  better  utilizing  this  kinetic  energy. 

The  writer  jiroposes  that  the  vanes  should  be  so  related  as  to  form 
flaring  nozzles,  of  the  best  possible  form  consistent  with  other  essen- 
tial conditions  of  construction,  and  this  should  be  done  both  in  the  start- 
ing or  intake  vanes  and  in  the  fixed  deflecting  vanes  at  the  discharge. 
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In  sui:)i3ort  of  this  oijinion,  attention  may  be  called  to  the  fact,  well 
established  by  experimental  hydraulics,  that  the  efficiency  of  a  ijrojj- 
erly  proportioned  discharge  nozzle  (water  flowing  toward  the  contrac- 
tion) is  about  98%,  and,  while  recorded  experiments  on  receiving 
nozzles  (water  flowing  away  from  contraction)  are  not  as  numerous  or 
varied,  it  is  rational  to  presume  that  the  action  can  be  reversed,  in 
correctly  designed  nozzles,  without  serious  loss.* 

Figs.  23  and  24  show  vanes  designed  to  act  as  receiving  nozzles  to 
go  in  the  pump  shown  in  Fig.  22.  Note  that  the  inclination  of  the 
vanes  on  the  side  from  which  the  water  approaches  is  such  that  the 
motion  of  the  water  is  not  affected  until  it  enters  the  nozzle,  e.  For 
instance,  in  Fig.  23,  which  shows  the  conditions  at  the  entrance,  the 
water  has  only  a  low  vertical  velocity,  which  continues  undisturbed  as 
it  rises  under  the  helicoidal  surface  of  the  vane  until  it  is  struck  and 
taken  in  by  the  orifice,  e;  then,  being  in  the  revolving  nozzle,  that  is, 
between  the  vanes,  it  must  take  the  revolving  motion  quickly.  Here, 
the  nozzle  moves  against  nearly  still  water,  while,  at  the  discharge, 
Fig.  24,  the  water  moves  against  fixed  nozzles.  The  relative  action  is 
similar  in  the  two  cases. 

In  this  design  the  discharge  will  vary  with  the  velocity  (rate  of 
revolution);  then,  knowing  the  peripheral  velocity  necessary  to  give 
the  lift,  the  inclination  of  the  vanes  must  be  computed  accordingly. 

Example. — Proportion  a  pump,  of  the  type  shown  in  Fig.  22,  with 
14-in.  intake,  to  lift  8  cu.  ft.  of  water  per  second  against  a  head  of 
48  ft. 

First,  to  find  the  peripheral  velocity,  u:  If  an  efficiency  of  7b%  be 
assumed,  the  pump  must  be  designed  for  a  speed  which  would  give 

2 

64  ft.  lift,  theoretically.     Then,  by  Equation  VII,  H  =^  — ,  M  =  45ft, 
^^ 9 


-    ^  ,     .   ■     ^,      .-  ,      V,   ^  ^,  —  -  — gy  ot  discharging 

water  was  lost  in  the  tube,  but  there  * 

is  nothing  irrational  or  discouraging 

about  it  when  we  are  reminded  that  ^■'-~<  / — n  „  ^^  „ 

the  absolute  loss  due  to  friction  is  "i  (\)  \r~y    -  KTj     ^ 

independent  of  pressure.     Hence,  if  \f  7f  Sf 

there  had  been  100  ft.  of  head  on  the     r  '       ,,         il-^ ^^-11"  '    ^>|^""V''  II =K 

nozzle,  instead  of  1  or  2  ft.,  with  the    A       _•  ^^cirrr::^:^-^^^    ^  \    p. 

same  velocity,  the  percentage  of  loss  / )       '■=?  ^/^^^—^^rr---^      'f  ( 

would  have  been  small.    To    satisfy  (  /,„,,„,y„,„"-^??.f5;'°:,.„^,„^ ,  ■~^^=^'  ,^, „„„,,„ „rrJh. I 

himself  on   tliis  question,  the  writer  ""^ 

prepared  the  apparatus  shown  in  Fig. 

25  and  tested  the  efticiency  of  the  com-  ,  FiG.  25. 

btnation  under  various  conditions. 

The  records  of  two  typical  cases  are  as  follows: 

1.— Pressure  head  at  Oi  =  167  ft.;  at  G„  =  0.0;  at  G3  =  138.    Efficiency  =  SS.SJi' 

2.—        'G,  =149-';    "  g;  =  — 28;  '•  G3  =  117.  "  =78.5%- 

In  the  first  the  velocity  at  the  throat  was  approximately  102,  and  in  the  second,  106 

ft.  per  second.    Doubtless,  for  less  extreme  cases,  higher  efficiencies  can  be  obtained. 
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per  second  (nearly),  and  this  may  be  taken  as  the  velocity  of  the  center 
line  of  the  discharge  zone.  Assume  the  diameter  of  this  center  line 
to  be  24  ins.  Then  the  revolutions  per  second  will  be  7.16.  The 
velocity  of  the  outer  limits  of  the  intake  vanes,  W,  at  H  (where  the 
radius  r=  7  ins.],  will  be  ^2  of  45  =  26  (nearly),  and,  the  vertical  veloc- 
ity of  approach  being  8  ft.,  the  inclination  of  the  vane  at  this  j)oint 
must  be  8  vertical  to  26  horizontal  (4  to  13).  The  inclination  becomes 
more  nearly  vertical  as  the  center  is  approached,  being  vertical  at  the 
center. 

Assuming  the  width  of  the  discharge  zone  to  be  4  ins.,  then  the 
area  is  1  sq.  ft.  (nearly),  and,  therefore,  the  vertical  component  of  the 
velocity  of  discharge  (or  the  velocity,  relative  to  the  revolving  wheel) 
will  again  be  8  ft.  (nearly).  Hence,  the  fixed  vanes  at  discharge  must 
be  inclined  8  vertical  to  45  horizontal  (1  to  5J). 

Some  convenient  formulas  for  projDortioning  pumps  of  the  class 
shown  in  Fig.  22  are  as  follows: 

Let  aS'  =  slope,  or  tangent,  of  the  inclination  of  fixed  deflecting 
vanes,  g; 
"    d  =  radial  width  of  same  =^  width  of  discharge  zone; 
"    r   =  radius  of  center  of  discharge  zone; 
"   M  =  velocity  of  rotation  at  radius,  r; 

"    F  =  velocity  of  discharge  relative  to  the  revolving  wheel  = 
vertical  component  of  absolute  velocity  of  discharge; 
"    a  ^  area  of  discharge  zone  =;  2  tt  ?■  d. 
Then      V  =  u  S,  and   Q  =  a  V  =  a  u  S. 

Similarly,  let  Si,  7\,  tij  represent  the  slope,  radius  and  rotative 
velocity,  respectively,  of  the  intake  vanes  at  the  outer  limit;  and  let 
«!  represent  the  area,  and  V\  the  velocity,  in  the  intake. 

Then  V^  =  u^  Si',  u  =  — ^  2<;  a  =  tt  r^, ;  Q  ^  «i  V^  =  a^  n^  S^ 

Equating  the  two  values  of   Q,  we  get 

r  a  S  =  Tj  a^  Si. 
Another  equation  easily  proved  is : 

r\  Si  =  2  7^  dS.  ■ 

In  such  a  pump,  run  at  varying  speeds,  the  discharge  will  vary 

directly  with  the  speed;  the  lift  with  the  square,  and  the  work  with  the 

cube,  of  the  speed.     Evidently,  then,  such  a  pumjj  cannot  be  adapted 

to  varying  conditions.     This  has  probably  been  the  greatest  handicap 
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to  a  more  general  use  of  centrifugal  pumps;  therefore,  it  is  exceed- 
ingly desirable,  in  connection  with  other  improvements,  to  make 
pumps  of  the  best  class  adjustable. 

Figs.  26,  27,  28  and  29  show  the  writer's  design  for  an  adjustable 
centrifugal  pump.  The  discharge  is  de^Dendent  on  the  area  of  the 
orifices,  e  e,  and  this  is  controlled  by  swinging  the  vanes,  B,  about  the 


Fig.  29 


hinges,  d,  thus  affecting  the  opening,  e  e.  From  the  adjusting  ring,  A, 
Figs.  27  and  28,  the  pins,  a,  a,  etc.,  i3rotrude  through  short  slots,  c  c 
which  are  cut  through  the  shell,  I),  on  the  circumference  of  a  circle  con- 
centric with  the  wheel.  These  pins,  a,  engage  the  vanes,  B,  by  entering 
the  straight  slots,  b,  cut  in  the  vanes.  When  A  is  revolved,  the  pins,  a, 
follow  the  slots,  c  c,  and  B  must  swing  in  or  out  accordingly.  A  is 
revolved  through  the  necessary  angle  by  the  mechanism  shown  at  G^ 
Figs.  27  and  28,  which  may  be  duplicated  on  the  opposite  side.     Fig. 
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26  shows  the  vanes,  B,  in  place,  with  the  upper  plate  removed.  Fig. 
28  shows  the  adjusting  ring,  A,  lying  in  place.  The  inner  curve  of  the 
vanes,  B,  is  designed  to  maintain  unchanged  both  the  radial  and  re- 
volving motion  of  the  water;  but,  after  it  jjasses  e  e,  into  the  flaring 
nozzle,  the  velocity  is  checked,  and  the  pressure  is  increased  ac- 
cordingly. 

The  advantage  of  the  down-and-out  flow  is  in  the  opportunity  it 
gives  to  support  the  weight  of  the  wheel,  shaft,  etc.,  on  high-pressure 
air  from  beneath,  that  is,  in  the  chamber,  n.  In  this  case,  where  air 
occupies  the  space,  n,  below  the  wheel,  the  pressure  is  uniform,  not 
being  aflfected  by  the  centrifugal  force  of  the  water  revolving  under 
the  wheel,   as  assumed  on  page  184 ;  hence,  in  this  case,  the  uplift 

.„  ,     62.5  TT  ?-^  «r       .^    ,    9  ,         ,       .  ,         ,  .     ,   , 

will  be t: =^  6  v  ir  (nearly),  m  pounds,  when  r  is  taken  in 

feet.  This  is  double  the  uplift  obtained  when  water  is  revolving 
under  the  wheel — a  point  well  worth  notice  in  designing  either  pumps 
or  water-wheels  to  operate  on  vertical  shafts.  Air  can  be  conducted 
into  this  chamber  by  the  means  described  on  page  202,  or  by  an  in- 
sjjirator,  i,  as  shown  in  Fig.  27.  The  water  for  operating  the  inspirator 
can  be  drawn  from  any  point  in  the  discharge  pipe.  Note  that  the 
pressure  in  n  is  that  at  the  oj)en  joint,  I,  at  the  tips  of  the  vanes, 
where  the  velocity  is  highest,  and,  therefore,  the  pressure  in  n  will 
be  less  than  in  R  (one-half,  theoretically). 

Fig.  29  shows  the  outlines  of  an  adjustable,  double-intake  pump 
on  a  horizontal  shaft;  the  adjustment  to  be  made  substantially  as  in 
the  preceding.  Such  a  design  has  very  manifest  advantages  for  a  i3er- 
manent  plant  to  handle  large  quantities  of  water  from  a  nearly  per- 
manent and  easily  accessible  level. 

It  is  noteworthy  that  the  designs  discussed  on  pages  206  to  208 
have  every  element  of  a  first-class  "reaction"  water-wheel  (turbine), 
and,  operated  as  such,  will  probably  give  good  results. 

Compounding. 

The  principle  involved  in  compounding  centrifugal  pumps  is  simple 
enough.  It  consists  in  taking  the  water  as  delivered  from  one  pump 
and  passing  it  through  another,  thus  getting  the  effect  of  each  pump 
independently.  But,  when  the  designer  takes  up  the  problem,  he  finds 
an  infinite  variety  of  possible  combinations,  from  which  he  must  select 
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that  one  which  is  most  advantageous,  everything  considered,  and  he 
must  consider,  chiefly,  compactness,  simplicity  of  castings  and  effi- 
ciency of  ojieration. 

After  studying  the  subject  in  the  light  of  all  that  precedes  in  this 
paper,  the  writer  offers  the  design  for  a  compounding  pump  shown  in 
Figs.  30  and  32. 

Having  explained  all  other  new  features  in  this  design  we  have  now 
only  to  exjilain  the  features  involved  in  compounding. 

The  construction  and  operation,  out  to  the  lower  edge  of  the  fixed 
deflecting  vanes,  g^  g^,  is  identical  with  that  in  the  single  pump,  Fig. 
22.  At  this  point  the  water  is  flowing  vertically  and  has  a  low  velocity 
(all  the  motion  of  revolution  having  been  checked  by  the  vahes,  g), 
and  its  pressui-e  is  that  due  to  whatever  head  the  single  pump  could 
produce.  The  water  now  comes  in  the  path  of  a  second  set  of  pro- 
pelling vanes,  W.^  W2,  which  are  attached  to  the  same  revolving  piece 
that  carried  the  first  set,  TFj  W^,  as  is  shown  plainly  in  Fig.  30.  This 
second  set  of  vanes  must  be  set  so  that  the  upper  edge  will  part  the 
water  without  shock — which  is  a  matter  of  simple  geometry.  The 
water,  in  gliding  between  the  vanes,  W.,,  partakes  of  their  velocity,  and, 
hence,  at  the  line  of  escajje,  or  lower  edge  of  TFj,  the  water  again  has 
a  high  velocity,  as  shown  by  the  dotted  lines  in  Fig.  31,  but,  imme- 
diately after  its  escaj)e  from  TK,  the  water  comes  against  a  second  set 
of  fixed  deflecting  vanes,  g.^,  by  which  the  component,  u,  of  its  velocity 
is  again  checked  and  the  pressure  increased  corresiJondingly,  accord- 
ing to  the  well-known  law  of  hydraulics. 

Thus,  the  pressure  can  be  increased  indefinitely  by  a  succession  of 
moving  and  fixed  vanes. 

It  can  be  shown  (see  page  194)  that  the  effect  of  the  vanes,  W^, 
will  be  exactly  equal  to  that  of  the  first  set  of  vanes,  W^,  which  act 
more  nearly  under  the  laws  of  purely  centrifugal  force. 

The  details  of  construction  can  be  varied  indefinitely,  but  the  sim- 
plicity of  that  shown  in  Fig.  30  is  not  likely  to  be  surpassed  unless  it 
be  by  that  shown  in  Fig.  32. 

Note  that  in  Fig.  30  the  area  of  the  horizontal  section  of  the 
water  channel  is  constant  between  the  first  and  last  lines  of  discharge. 
Hence  the  vertical  component,  V,  of  the  velocity  must  be  constant. 
This  simplifies  very  much  the  construction  and  also  the  problems  in 
proportioning.     The  flow,   of  course,  could  be  made  radial  and  yet 
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retain  the  uovel  feature  here  described,  but  the  space  occupied  by  the 
pump  would  be  increased  very  much  and  the  construction  com- 
plicated. 

Fig.  .32  shows  a  compound  turbine*  pump,  which  will  now  be 
readily  understood.  The  water  enters  from  above,  through  Q.  The 
space,  n.„  will  be  occupied  by  air  below  atmospheric  pressure  (if  ^  is 
under  suction),  the  air  being  admitted  through  a  cock  on  the  pipe,  <, ; 
the  air  thus  admitted  doing,  also,  the  duty  of  that  admitted  through 
c,  of  Fig.  30.  The  space,  w„  will  be  occiipied  by  air  at  high  pressure 
admitted  through  the  pipe,  S,  by  the  process  described  in  connection 
with  Fig.  22. 

This  design  has  one  additional  and  noteworthy  advantage,  in  that 
the  high  pressure  is  tinder  the  wheel,  and  all  the  reaction  of  the  flow- 
ing water  is  upward.  Thus  the  weight  of  the  wheel  and  a  shaft  of 
length  equal  to  the  lift  can  usually  be  fully  supported,  and  often  more 
than  supported. 

As  an  example  of  the  theoretic  proportions  of  pvimps  of  the  style 
shown  in  Figs.  22,  30  and  32,  the  following  is  offered: 

Assume  an  intake  pipe,  8  ins.  in  diametei",  and  an  intake  velocity 
of  8  ft.  jser  second.  This  gives  2.8  cu.  ft.  per  second.  Assume  the 
outer  diameter  of  the  discharge  (to  J)  =^  13  ins.,  and  the  inner  diame- 
ter (to  E)  =  10  ins.,  or  b  —  1^  ins.  Then  the  discharge  area  =  0.376 
sq.  ft.,  and  the  vertical  component  of  the  velocity  there  =  7.4  ft.  per 
second,  and  this  does  not  change  until  the  horizontal  area  changes. 

Assume  800  revolutions  per  minute.  Then  the  velocity,  it,  of  the 
outer  tijis  of  the  vanes  will  be  nearlv  42  ft.  per  second,  and  the  theo- 

retic  lift,  H  =  — ■ ,  will  be  nearly  50  ft.  when  the  outer  tips  of  the  pro- 
pelling vanes  are  perpendiciilar  to  their  motion,  that  is  /i  :-:-  90 
degrees. 

Under  the  above  conditions,  the  inner  tij)s  of  the  vanes,  where  they 
take  up  the  water  atfl,  should  slope  4^  horizontal  to  1  vertical,  as  in 
Fig.  23,  and  the  top  edge  of  the  fixed  deflectors,  g,  should  slope  in 
the  opposite  direction  about  6  to  1,  as  in  Fig.  24. 

The  extreme  outside  diameter  (over  the  flange)  of  such    a  pump 

would  be  about  21  ins.     The  figures  are  drawn  to  scale  and  show  the 

proportionate  heights. 

*  This  non-committal  name  is  used  because  the  action  is  neither  purely  centrifugal 
nor  impulsive. 
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The  lift  found  for  a  single-acting  pump  can  be  doubled  (theoret- 
ically) by  compounding,  as  in  Figs.  30  and  32,  which  are  drawn  to  scale 
and  show  how  little  additional  weight  or  work  would  be  necessary 
to  accomplish  that  result. 


Theoretic  conditions: 

Capacity  8  cu.ft.  per  second. 

=  3600  gals,  per  minute. 
500  revolutions  per  minute. 
Head=60  ft.  nearly. 
H-P.= 51  nearly. 


SECTION  ON  A-B,  SHOWING 
ONE  VANE  IN  EACH  SET. 
COMPOUND  TURBINE  PUMP. 

Fig.  32. 

Fans. 
The  demonstrations  and  formulas  heretofore  given,  relating  to 
both  centrifugal  and  impulse  pumps,  apply  to  any  fluid  of  constant 
density.  Notice  that  weight,  or  density,  appears  in  none  of  the  for- 
mulas for  dimensions,  velocities  or  heads.  If,  then,  we  enter  the  study 
of  fans  or  blowers,  assuming  that  the  change  of  density  of  the  air  (or 
any  gas)  while  passing  through  the  machine  is  so  slight  that  it  may  be 
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neglected,  we  can  accept  without  question  any  of  the  formulas  ofi'ered 
for  either  centrifugal  or  impulse  jnimps.  Indeed,  it  has  already  been 
stated  that  in  iminiise  jjumps  there  should  be  no  change  of  pressure 
in  the  fluid  as  it  j^asses  through  the  vanes.  Then  the  formulas  for 
impulse  pumps  apply  to  fans,  without  any  qualifications. 

It  will  be  shown  presently  that  the  simplest,  cheapest  and  prob- 
ably the  most  efficient  fan  will  discharge  under  atmospheric  pressure. 
It  will  now  be  shown  that  in  that  case,  also,  the  equations  will 
stand,  although  centrifugal  force  may  cause  a  compression  within  the 
wheel. 

In  Fig.  1  assume  the  cylinder,  G  B,  filled  with  a  compressible  fluid, 
as  air,  then  the  weight  of  a  unit  volume  will  not  be  constant,  but  will 
depend  on  the  distance,  x,  from  the  center. 

Let  W  represent  this  weight  at  the  distance,  x,  from  the  center. 
Then  the  centrifugal  force,  due  to  a  disk  of  unit  area  and  infinitesimal 
thickness,  d  x,  will  be 

^  ^       TF'  u\  ,  TT'  «2      ,        .  X 

a  f  = a  x^ T-  x  a  x,  since  u.  =  —  u. 

g  X  g  r-  r 

Also, 

W  f 

-==rz=^  -^~,  where  /=  the  absolute  pressure  in  the  fluid  at 

W  Pa 

the  distance,  x,  from  the  center,  and  W  and  p^^  are  the  weight  and 
pressure,  respectively,  of  free  air. 

Substituting  and  dividing  by/"  we  get 
df         W,  ' 


f         9^^  Pa 
Then 


X  d  X. 


J        f         n  r-  »„  J 


Whence, 


/         9r-p„ 

Pa 


log.  J-^  = ^    ?-  —  r\) 

Pa        2  gp^r^ 


Whence  p^  is  the  i^ressure  at  the  outer  limit,  B. 

Now,  assuming  no  change  of  temperatiire,  it  is  known  that  what- 
ever energy  is  pent  up  in  the  compressed  gas  within  the  wheel  must 
be  found  as  kinetic  energy  (energy  of  motion),  when  the  gas  escapes 
Tinder  atmospheric  pressure.     The  energy  in  the  gas  within  the  wheel 
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i.s  partly  ia   the  pressure   and    partly  in  tlie   velocity  of  revolution. 
Hence  we  have  the  equation 

p    Q    log     P^.KQ^-KQslA. 
where  v  is  the  absolute  velocity  immediately  after  escaping.     Sub- 
stituting the  value  of  log.  -=^  ,  found  above,  the  equation  reduces  to 

Pa 

v^  =  2  u^  —  M^i,  which  exisression  will  be    obtained  by  the  analysis 
on  page  170  when  the  velocity  of  apjDroach  is  omitted. 

In  the  writer's  opinion,  fans  should  be  designed  and  proportioned 
in  accordance  with  the  jarinciple  of  imi^ulse  pumps,  excejat  that  the 


impulse  fan. 
Fig.  33. 


Fig.  34. 


enclosing  casing  can  be  omitted.  See  Fig.  33.  Such  constructions 
have  the  following  advantages: 

(a) — They  are  composed  of  few'  and  simple  parts. 

{b) — The  vanes  being  short,  radially,  great  inlet  area  can  be  pro- 
vided in  a  fan  of  comj)aratively  small  diameter,  and  the  discharge 
increased  correspondingly. 

(c) — The  condition  that  the  discharge  is  at  atmospheric  pressure 
renders  the  mathematical  analysis  of  the  action  simple,  and  satisfac- 
tory formulas  for  proiJortioning  and  speeding  a  fan  can  be  obtained. 

[d) — The  condition  as  to  pressure  (or  suction)  at  the  joint,  d,  re- 
veals whether  or  not  the  wheel  is  sjieeded  and  proportioned  properly. 
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Fiirtbermore,  these  impulse  fans  (if  that  name  be  accepted)  will, 

for  reasons  of   simplicity  and  economy,  probably  be  without  guide 

vanes,  and,  for  similar  reasons,  the  moving  vanes  may  be  assumed  to 

be  radial  at  the  outer  end.     It  is  aijparent,  further,  that  since  the  air 

enters  and  leaves  at  atmospheric  pressure,  the  two  factors,  k  and^v,  in 

the  equations,  disappear  or  balance  each  other.     Thus  simplified,  the 

principle  formulas  become : 

v^^V'-+n-  =  'lu''+v\ (XI) 

§  =  2  TT  ri  6,  »i {IXa) 

Q  =  27trbV ( Villa) 

As  the  air  passes  by  the    joint,   d,   its  energy  is  all  kinetic,    or 

W  0  v^ 
E  =  — ^ — ,  but  after  it  gets  into  the  discharge  conduit  its  energy 

2  g 

will  usually  be  partly  due  to  pressure  and  partly  due  to  velocity. 
Thus,  suppose  there  is  rec[uired  an  absolute  pressure,  p.,,  and  a  veloc- 
ity, v.„  in  the  conduit;  then,  by  the  law  of  conservation  of  energy, 

Whence, 

v^-J^p^\og.,R  +  v\ {XV) 

Where  log.  R  =  hyperbolic  log.  of  ^■,W=  weight  of  air  =  0.076  lb. 

Pa 

when  the  temperature  is  60°  Fahr.,  and  i)^^  =  2  116  lbs.  per  square 
foot.     Inserting  the  numerical  values,  we  get 

v^  =  1  782  000  log.  R  +  v\ [XVI) 

While  Equation  XVI  is  theoretically  correct,  it  is  the  common 
practice  to  neglect  the  eflfects  of  compression,  and  work  by  equations 
identical  in  form  with  those  used  in  hydraulics,  difiering  only  in  the 
weight  of  the  fluid  and  in  the  coeflScient  of  friction.  This  practice  is 
sufficiently  accurate  for  practical  purposes,  within  the  ordinary  limits 
of  compression  produced  by  fans.  Thus,  instead  of  the  equation 
above  for  E,  the  equation  for  energy  would  be  written 

E=Pq,+       2.9       -        2g      ' 
where  P  is  the  pressure  above  the  atmosphere,  and  Q^  is  the  volume 
at  the  pressure,  P;  but,  if  compression  is  neglected,  Q-^  may  be  taken 
=  Q^;  then  Equation  XVI  reduces  to 

v'  =  '^-J^+v\ {XVII) 
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or,  inserting  numerical  values,  this  becomes 

v'  =  842  P  4-  v\ {XVlIa) 

Results  computed  from   Equations  ZF/ and  XVIIa  will  not  differ 

enougli  to  affect   the  dimensions  in  designing.      Hence,   the  latter, 

being  much  simpler,  is  preferable  for  that  purpose;  but,  in  computing 

the  efficiency  of  a  fan,  Equation  XV  should  be  applied,  and  a  value 

of  Tf  inserted,  according  to  the  temperature  of  the  passing  air. 

Example. — Proportion  a  fan  to  deliver  400  cu.  ft.  per  second  of  free 

air  (at  a  temperature  of  60^  Fahr.)  into  a  passage  where  the  pressure 

is  2  ins.  of  water  (10.4  lbs.  per  square  foot),  the  velocity  to  be  16  ft.  per 

second  (=  v.y).     See  Fig.  33. 

2  116.8  +  10-4:       .  „„_. 
^=        2  116.8         =^-^^' 

Log.,  R  =  0.005; 

and  v%  =  256. 

Then,  by  Equation  XVI, 

v^  =  l  782  000  X  0.005  +  256  =  9  166,  or  v  =  96,  nearly. 

By  Equation  XVlIa, 

v"-  =  842  X  10.4  +  256  =  9  012,  or  v  =  95,  nearly. 

Evidently,  either  result  will  be  sufficiently  accurate  for  designing. 

Now,    if   an   entrance  velocity,    z,    of  about   60  ft.  per   second  is 

allowed,  the  area  of  the  entrance  =^ -pnr  =  6.66  sq.  ft.,    or  3.33  sq.  ft. 

bO 

on  each  side.     The  area  of  a  circle  of  1  ft.  radius  is  3.14  sq.  ft.     Hence 

we  may  take  i\  =  1  ft. ,  making  V2  ^=  63. 

Assuming  the  velocity  at  the  entrance  to  the  vanes,   v^,  to  be  the 

same  as  z,  we  have, 

§  =  400  =  2  TT  rj  &i  ri, 
whence 

by  =:  1  ft.,  very  nearly. 
Now,  if  there  are  twelve  vanes,  they  will  be  about  6  ins.  apart  at  the 
inner  tip.     Then  a  radial  length  of  6  ins.   for  the  vane  seems  to  be 
sufficient.     This  will  make  the  fan  wheel  3  ft.  in  diameter. 
By  Equation  XI, 

„2  „2  1 

m2  = 1,  =_  (9  012  —  3  960)  =  2  512,  and  n  =  50,  nearly. 

Also,  by  Equation  III, 

V^  =  V-  —  u^  =  9  012  —  5  043  =  3  969,  and  V  =  63. 
Then,  by^Equation  Villa, 

400  =  6.28  X  1.5  X  63  X  &, 
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Whence 

&  =  0.66  ft.  1=  8  ins.,  nearly. 

The  vanes  should  curve  forward  at  the  inner  end  to  make  an  angle 

with  the  tangent,  of  which  the  tangent,  —  =  1.31,  or  the  angle  =  52°  45'. 

The  theoretic  horse-power  of  such  a  fan  would  be 

^ — ^  __-  =  8,  nearly. 
2g  X  550  -^ 

Fig.  33  is  drawn  to  scale  showing  the  dimensions  as  just  computed. 
The  vanes  and  the  hollow  wheel  in  which  they  are  inserted  can  best  be 
made  of  sheet  metal  polished  inside  and  outside. 

The  curved  approach  to  the  inlet  should  not  be  omitted.  Judg- 
ing by  similar  conditions  in  hydraulics,  the  discharge  will  be  about 
50%  greater  with  a  curved  inlet  than  without.  Hence,  evidently,  this 
is  one  of  the  most  important  details. 

Adjustment. — The  joint,  d,  is  open  to  the  atmosphei-e.  When  the 
wheel  is  designed  and  speeded  according  to  principles  already  dis- 
cussed, the  energy  passing  the  joint,  d,  is  all  kinetic,  so  that  there  is 
no  tendency  to  leakage  inward  or  outward.  However,  in  most  cases 
in  practice,  the  resistance  to  be  overcome  iu  forcing  air  through  the 
passage  (pipe,  mine,  tunnel,  building,  furnace,  or  the  like)  cannot  be 
computed  accurately,  and  may  vary  from  time  to  time.  Hence,  in 
order  to  meet  these  conditions  satisfactorily,  it  is  desirable  that  the 
fan  should  be  adjustable.  In  order  to  understand  this  phase  of  the 
subject,  the  following  discussion  is  necessary: 

If  all  effects  of  compression  are  neglected,  which  may  be  done  under 
the  ordinary  conditions  of  practice,  the  resistance  to  be  overcome  when 
forcing  air  through  a  passage,  in  which  the  conditions  are  constant, 
will  vary  with  the  square  of  the  velocity  (proved  by  experiment),  and, 
of  course,  the  velocity  varies  directly  with  the  qiiantity  of  air  passed. 
Hence  the  resistance  varies  with  the  square  of  the  quantity.  Also, 
from  Equation  VIIT,  it  is  seen  that  Q-  varies  with  V~,  all  other  factors 
being  constant;  and,  by  Eqviation  VI,  V'^  varies  with  u"^.  Hence,  from  the 
foregoing  considerations,  it  may  be  said  that  the  resistance  varies 
with  li^;  and,  from  Equation  XI,  the  pressure  head  produced  by  the 
wheel, 

v""  _  2  u'  Jt-v\ 
2  r/  ~        2  ^       ' 
showing  that  it  is  sufficiently  accurate  for  the  present  purpose  to  say 

that  H,  or  the  propelling  force,  varies  also  with  ii^,  i\  being  compai-a- 
tively  small. 
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Thus  it  is  found  that  a  fan  cannot  be  adjusted  to  a  variable  resist- 
ance by  varying  the  speed  only.  The  folly  of  attempting  to  do  so  will 
be  still  more  apjjarent  when  it  is  considered  that  the  necessary  power 
to  run  the  fan  varies  with  the  cube  of  the  speed,  if  it  has  a  free  dis- 
charge. 

The  problem  of  adjustment,  then,  is  reduced  to  this:  Either  change 
the  resistance  by  changing  the  quantity  of  air  delivered  without  chang- 
ing the  speed,  or  change  the  speed  (and  thereby  the  propelling  force) 
without  changing  the  quantity;  or,  possibly,  both  may  be  changed  at 
once.  In  any  case,  it  would  be  necessary  to  make  the  area  of  the  air 
passage  adjustable.  Theoretically,  the  adjustment  ought  to  be  made 
in  the  area  of  the  discharge  passage  from  the  wheel;  that  is,  b,  in  the 
equations,  should  be  adjustable;  but,  practically,  it  is  very  doubtful  if 
the  advantage  would  outweigh  the  disadvantage  of  mechanical  com- 
plications necessary  to  provide  for  such  adjustment.  The  discharge 
coiild  be  adjusted  as  in  the  adjustable  jJump.     See  page  207. 

The  area  of  the  inlet  could  easily  be  throttled  to  any  extent,  and 
some  provision  to  do  so  may  be  found  advantageous,  though,  theoreti- 
cally, it  is  not  the  proper  place  to  apply  the  adjustment. 

Attention  should  be  called  to  the  fact  that  the  conditions  at  the 
joint,  d,  will  indicate  to  the  attendant  whether  the  speed  and  volume 
of  discharge  are  properly  related  to  the  resistance,  that  is,  if  air  is 
escaping  at  d,  the  resistance  is  too  great,  or  the  wheel  is  discharging 
more  air  than  it  can  force  through  the  passages;  while,  if  air  is  being 
drawn  in  at  d,  the  resistance  is  less  than  the  wheel  could  overcome,  or 
the  wheel  could  send  more  air  through  the  i:)assages. 

The  writer  suggests  that,  until  experience  throws  light  on  this  part 
of  the  study,  the  area  of  the  discharge  slot  be  made  a  little  less  than 
computed.  Then,  by  speeding  up,  the  required  quantity  can  be 
obtained,  and  there  will  be  some  excess  of  propelling  head.  Without 
this  suggestion  it  is  probable  that  the  designer  would  suppose  that  in 
order  to  be  on  the  safe  side  both  area  and  speed  should  have  some 
excess. 

Fig.  34  represents  a  fan  in  which  the  vanes  are  open  on  the  side,  and 
turn  within  a  fixed  casing.  Otherwise,  the  proportions  should  be 
worked  out  as  for  Fig.  33.  This  construction  is  not  as  simple  or  as 
economical  as  that  shown  in  Fig  33,  though  it  represents  present  prac- 
tice more  nearly.     Nor  woixld  it  indicate  whether  the  proj^ortions  and 
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speed  were  properly  adapted  to  the  resistance.  However,  an  orifice 
through  the  casing,  as  at  ?/,  on  the  line  of  least  width,  would  give  the 
needed  indications,  provided  the  proportions  are  in  accord  with  the 
method  described  on  images  215  to  217.  The  idea  is  apt  to  prevail 
that  by  closing  up  the  sides  of  the  fan,  as  in  Fig.  34,  the  air  is  kept  in 
the  passage  and  forced  to  move  on  into  the  conduit;  but  this  would  be 

2 

V 

an  error,  for  if  the  propelling  head,  ^r— ,  and  the  possible  volume  are 

not  properly  related  to  the  resistance,  any  excess  of  volume  will  not 
enter  the  fan.  Attention  to  this  fact  will  explain  the  paradox  that, 
within  assignable  limits,  the  more  open  the  j^assageina  mine  the  more 
power  is  required  to  run  the  fans.  Close  the  passage,  and  no  air  passes. 
Then,  though  the  fan  continues  to  run,  it  discharges  no  air,  and  the 
power  required  is  only  enough  to  overcome  the  friction  within  the  fan. 
This  is  one  extreme.  The  other  is,  when  there  is  no  resistance  outside 
the  fan. 

Testing   Centrifugal  Pumps. 

Unfortunately,  the  published  data  taken  in  testing  centrifugal 
pumps  are  incomplete  in  every  case  that  the  writer  has  examined. 
The  only  object  in  making  the  tests  seems  to  have  been  to  see  if  the 
pumps  met  the  conditions  of  the  contract.  That,  of  course,  is  the 
most  important  matter,  as  far  as  a  single  pump  is  concerned,  but 
what  are  most  needed  are  comparative  results  as  affected  by  variations 
in  proportions,  angles,  speed  and  head.  It  is  only  from  such  data 
that  we  can  interpret  results  intelligently  and  detect  the  combinations 
that  give  the  best  results. 

The  data  which  should  be  recorded  in  a  test  are: 

First. — All  dimensions  and  details  of  the  water  passages,  including: 

(a) — Suction  pipe;  length,  diameter,  valves,  etc.; 

(b) — Curves  of  entrance  to  the  wheel,  and  details  of  the  joint 
between  the  wheel  and  the  casing  when  the  runners  are  inclosed; 

(c) — Angles  (z?  and  /j)  of  the  intake  and  discharge  ends,  respect- 
ively, of  the  propellers,  with  a  tangent  to  the  circle  in  which  they 
move; 

(c?)— Details  of  the  open  joint  between  the  runner  and  the  casing 
at  the  discharge,  when  inclosed  runners  are  used; 

(e) — ^Details  of  the  curve,  if  any,  through  which  the  water  passes 
from  the  tips  of  the  propellers  into  the  "  volute  "; 
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( Z') —Dimensions  of  tlie  "  volute  "; 

[g] — Conditions  of  the  varioiis  surfaces  as  to  polish. 

All  the  above  can  be  shown  by  two  sections;  one  through  the  center 
in  the  plane  of  revolution,  the  other  through  the  center  at  right  angles 
to  the  plane  of  revolution.     Dimensions  should  be  shown  in  figures. 

Second. — -The  pressures  at  three  points,  a,  b  and  c,  should  be  re- 
corded, as  follows: 

(a) — In  the  suction,  as  near  as  possible  to  the  wheel,  but  on  a 
straight  pipe  or  channel; 

[h] — At  the  outer  tip  of  the  propellers,  by  tapping  through  the 
casing  at  right  angles  to  the  plane  of  revolution; 

(c) — In  the  first  straight  section  of  the  discharge  pipe; 

{(1) — Relative  elevations  of  the  gaiiges  at  a,  b  and  c. 

Care  must  be  taken  to  place  the  gauges  where  centrifugal  force 
will  not  affect  the  results.  When  the  gauges  are  set  thus  it  will  not 
be  necessary  to  take  the  elevations  of  the  water  surface  in  the  sump 
and  discharge. 

Third. — Uf) — Speed,  or  revolutions  per  miniite; 

{b) — Water  delivered; 

(c) — Power  consumed  when  discharging; 

{d]  —  Power  consumed  with  pump  full  of  water,  but  without  dis- 
charge; 

(e) — Power  consumed  when  pump  is  running  emj^ty. 

Fourth.. — The  following  points  should  not  be  overlooked  in  pre- 
paring for  and  in  condiicting  a  test: 

(«) — The  pump  cannot  start  a  discharge  under  a  head  that  it  can 
maintain  after  starting.  Hence,  a  valve  discharging  under  low  head 
should  be  i^rovided. 

{b) — It  will  seldom  be  found  i^raeticable  to  deliver  the  water  to  a 

stand-pipe  with  the  desired  head,  especially  when  it  is  desired  to  vary 

the  head,  as  will  usually  be  the  case.     Then  the  only  recourse  is  to 

throttle   the   discharge  beyond   the  pressure  gauge  in  the  discharge 

pipe.     In  doing  this,  remember  that  with  the  discharge  cut  off  entirely 

1/ 
the  maximum  pressure    head  will.be  ^r — ,  including  suction,  and,  as 

^  9 
the  valve  is  gradually  opened  the  i:>ressure  head  will  rise,  theoretically, 

to  a  maximum  of — -,  including  suction  head,  after  which, 

if   the    valve   be    opened   further,  the  head  will  become  less.      Thus 
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a  skilful  mauiijulafcion  of  the  throttle  valve  while  watching  the  press- 
ure gauge  should  enable  the  operator  to  find  readily  the  maximum 
lift  for  any  speed.  Theoretically,  the  condition  that  gives  the 
greatest  lift  should  also  give  the  greatest  efficiency.  Practically,  the 
greatest  efficiency  will  probably  be  found  when  the  valve  is  opened  a 
little  wider  than  when  giving  the  greatest  lift. 

(c) — The  total  lift  to  be  credited  to  the  jjump  is  the  head  shown  on 
the  suction  gauge  plus  that  on  the  discharge  gauge  plus  their  difference 
of  elevation.  The  elevation  of  the  gauges  should  be  assumed  at  the 
surface  of  the  water  standing  in  the  small  pipe  leading  to  the  gauge, 
and  some  provision  to  determine  this  should  be  made. 
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^^:e^ £>  JE  nsTiD I  is::. 


Fig.  35. 


While  pursuing  these  studies,  the  following  scheme  for  a  hydraulic 
air-compressor  occurred  to  the  writer.     It  is  a  natural  result  of  the 
ideas  presented  on  pages  181  to 
184. 

Let  W,  Fig.  35,  represent  a 
centrifugal  pump  working  in  a 
closed  circuit,  P  Q  B,  as  shown; 
then,  evidently,  neglecting  slight 
differences  of  elevation,  the  pres- 
sure in  Q  is  equal  to  that  in  R 
(see  also  Figs.  11  and  18).  How, 
then,  can  we  account  for  the  work 
done  by  the  pump  ? 

The  answer  depends  on  cir- 
cumstances. For  our  present 
purpose  we  will  assume  an  air  space,  C,  somewhere  in  the  circuit,  and 
that  free  air  has  access  to  the  joint,  d,  through  the  spaces,  n,  Figs.  11 
and  18.  Under  these  circumstances,  the  rush  of  water  through  the  flar- 
ing nozzle,  m,  into  a  relatively  unresisting  field  (since  the  pressure  in  R 
equals  that  in  Q)  will  cause  a  suction  at  the  joint,  d,  and,  assuming 
proper  provisions  for  the  admission  of  air,  the  entering  air  will  be 
compressed  to  the  pressure  in  R  as  soon  as  the  velocity  is  checked. 

The  air  thus  compressed  can  be  separated  in  a  chamber,  C,  and 
thence  conducted  away.  Theoretically  (as  the  word  is  usually  ap- 
plied), we  should  find  the  energy  in  the  compressed  air  equal  to  the 
work  done  by  the  pump,  there  being  no  other  channel  through  which 
the  energy  can  disappear  except  by  friction  in  its  various  forms. 

The  water  would  absorb  the  heat  of  compression,  and  thei'efore 
isothermal  conditions  would  be  very  nearly  realized,  but  the  heat  thus 
absorbed  would  have  to  be  taken  out  by  exterior  cooling,  as  suggested 
at  F,  Fig.  35. 

Another  attractive  feature  in  the  scheme  is  that,  theoretically,  with 
nearly  constant  motive  power  and  speed,  the  degree  of  compression 
can  be  varied  indefinitely  and  the  quantity  of  air  entering  will  be  self- 
regulating. 

An  easy  computation  will  show  that  a  compressor  of  great  power 
and  volume  can  be  embodied  in  a  small  machine. 

Disregarding  cost,  if  mercury  be  used  instead  of  water,'the  calcula- 
tions show  remarkable  results. 

If  the  air-chamber  be  abolished,  or  filled  with  water,  and  water, 
instead  of  air,  be  drawn  in  at  d,  we  have  a  hydraulic  jack  of  unlimited 
power. 
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The  practical  diflficiilties  in  carrying  out  such  a  scheme  will  prob- 
ably be  serious,  and  possibly  insurmountable.  To  test  it  sufficiently 
to  say  whether  or  not  it  can  be  made  a  success  would  require  extensive 
and  expensive  experiments.  The  main  questions  are:  Can  enough  air 
be  taken  into  the  current  to  absorb  the  energy;  and  what  is  the  best 
mechanical  means  for  providing  for  its  admission? 
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DISCUSSION. 


Mr.  Venable.  WiLLiAM  Mayo  Venable,  Assoc.  M.  Am.  Soc.  G.  E.  (by  letter). — 
This  paper  is  very  interesting,  as  it  points  out  some  facts  not  gen- 
erally understood;  but  the  writer  cannot  agree  with  the  theory  ad- 
vanced, which  is  based  partially  upon  an  erroneous  assumption,  and 
neglects  the  effect  of  the  vanes  acting  in  any  direction  other  than  that 
of  rotation.  The  conclusion  concerning  the  possible  imjirovement  of 
centrifugal  pumps  by  adopting  a  type  of  pump  with  a  nozzle,  or  con- 
traction of  the  opening,  at  the  tips  of  the  blades,  producing  a  high 
radial  velocity  of  flow  there,  is  entirely  erroneous. 

Apply  the  author's  Equation  I  to  the  particular  case  used  as  an 
illustration  on  page  182,  as  follows : 

6.82  —  8.6- =  57-— 2«2j; 
whence  »,  must  be  greater  than  it,  Avhich  is  mechanically  impossible. 

The  paper  makes 

V'  =  F-,  -f  u^  —  »^„ 

or  Fis  the  velocity  produced  by  a  pressure  head  of 
V\  -f-  ?<^  —  ti\  _  v\  +  m"^ 

discharging  water  through  an  orifice  against  no  external  pressure. 

In  order  that  the  author's  formulas  may  hold,  the  first  condition 
must  be  that  there  shall  be  no  pressure  head  whatever  at  the  orifice  at 
the  tips  of  the  blades.  But  any  pumji  that  discharges  water  against  a 
head  miist  produce  a  head  equal  to  the  head  worked  against  and  also 
a  head  suflicient  to  give  the  water  the  necessary  velocity,  v^,  to  enter 
at  the  intake;  that  is,  a  velocity  necessary  to  pass  the  required 
quantity  through  the  smallest  section  of  the  suction  passage,  assuming 
that  from  there  on  the  pump  has  no  losses. 

But  the  velocity,  V,  reduced  to  zero  by  enlarging  the  discharge 
passages,  would  only  create  head  worked  against,  if  the  pressure  at 
the  tijjs  of  the  vanes  is  zero;  and  this  would  leave  no  source  of  head 
to  produce  the  flow  at  the  intake,  t\.  V,  therefore,  can  never  be  as 
great  as  the  formula  requires. 

Consequently,  the  formula, 

v^  =  V-  ■+-  I?  -f  2  u  Fcos.  /5, 
cannot  apply,  because  V  is  not  a  real  velocity,   but  a  hypothetical 
velocity,  which  is  in  reality  reiDresented  by  a  less  velocity,   and  an 
actual  pressure  head. 

A  proi3er  understanding  of  the  relation  between  velocities  and 
pressures  in  a  pump  must  be  based  on  first  principles. 

"Centrifugal  pumps,"  "screw  pumjis,"  "turbine  pumps,"  and 
all  other  kinds  of  pumps  in  which  the  flow  of  water  is  unidirectional 
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and  uniform  ;  that  is,  all  pumps  not  provided  with  reciprocating  parts  Mr.  Venable. 
depend  upon  increasing  the  velocity  of  the  water  by  means  of  moving 
vanes  or  orifices  and  retarding  that  velocity  by  passing  the  water 
through  a  channel  of  enlarging  section.  Both  the  increase  and  the 
diminution  of  velocity  are  accompanied  by  the  production  of  useful 
head.  Water  motors  of  the  corresponding  types  only  reverse  the 
process,  and  develop  mechanical  motion. 

If  V  is  the  velocity  of  motion  of  water  past  an  orifice,  normal  to  its 
opening,  and  if  the  pressure  within  is  such  that  water  does  not  enter, 
h  is  the  head  at  the  mouth  of  the  orifice,  and 

v^  =:1  g  h. 
But,   if  h  does  not  balance  the  tendency  of  the  water  to  enter  the 
orifice,  and  water  flows  in  with  a  velocity,  i\,  losing  a  velocity,  v^, 

V   =z   V^    -{-  V.,, 

the  velocity  head  remaining  in  the  water  is 

7^   -^ 
and  the  pressure  head  at  the  orifice  is 


h.= 


2  5'  2r/ 

Therefore,  if  h^  and  v  are  known,  v^  can  be  found,  for 
■»^,  =  y2  — 2  g  li.^  =  1  g  [h  —  l^). 
If  Q  is  the  quantity  entering  the  orifice  per  second,  and  a  is  the  area 
of  the  orifice, 

q=^av^  =  a  ^v'i—lgh.2  =  a  -/'i  g  {h  —  A.)- 

If  the  pump  consists  of  this  simple  orifice  without  other  devices 

affecting  the  flow  or  pressure  (a  purely  ideal  condition,  mechanically 

impossible),  the  work  lost  in  making  water  flow  through  the  orifice  is 

l^roportional  to  Q  v'^^,  and  the  useful  work  is  proportional  to  Q  {v^  —  v\)- 

The  efficiency,  therefore,  is ; — ~=  ,^,  and  the  loss  ratio  is  y^. 

These  formulas  hold  good,  not  only  for  a  simple  orifice,  but  for 
any  device  in  the  form  of  a  fixed  passageway  where  the  water  changes 
its  velocity  from  v  to  v^  without  friction  or  internal  currents  ;  for  in- 
stance, it  applies  to  a  passage  which  has  a  smaller  section  where  the 
water  enters  than  where  it  emerges,  and  to  the  openings  between 
blades  on  ordinary  centrifugal  jaumps. 

Besides  the  loss  due  to  h^  there  are  also  friction  losses.  These  may 
be  divided  into  three  classes: 

1. — Friction  of  water  on  the  surface  of  the  pump  parts  ; 

2. — Friction  of  water  on  water,  due  to  ordinary  changes  in  velocities 
which  cannot  be  avoided  ; 

3. — Friction  of  water  on  water  caused  by  abrujit  changes  in  the 
direction  of  flow,  so  that  the  water  is  disturbed  unnecessarily,  owing 
to  imperfection  in  design. 
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Mr.  Venable.  Xecessarilv,  the  iirocess  of  taking  water  at  an  orifice,  if  the  water 
be  as.sumed  as  stationary  and  the  orifice  mo%-ing,  must  be  accompanied 
by  a  counter  process,  that  of  discharging  the  water  through  another 
orifice,  and  reducing  its  velocity  again  to  rest.  This  implies  two  sets 
of  orifices  or  passages,  one  set  moving  and  one  set  fixed.  In  a  pump,  the 
motion  of  the  water,  relative  to  the  passage  in  which  it  is  flowing, 
should  be  a  continuous  jn'ocess  of  retardation.  Its  actual  velocity 
undergoes,  first,  a  process  of  acceleration,  and,  second,  a  process  of 
retardation.  In  a  motor,  the  motion  of  the  water,  relative  to  the 
passage  in  which  it  is  flowing,  is  a  continuous  process  of  acceleration. 
Its  actual  velocity  undergoes  changes  similar  to  those  in  a  pump,  but 
with  velocities  reversed  in  direction. 

An  impervious  surface  moving  in  a  liquid,  neglecting  friction,  can 
produce  a  velocity  only  normal  to  its  face.  It  must  jsroduce  a 
velocity  equal  to  the  component  of  its  velocity  normal  to  its  face,  as 
otherwise  the  liquid  would  pass  through  the  surface.  The  actual 
velocity  of  the  liquid  must  be  the  result  of  the  velocity  of  the  motion 
of  the  surface,  normal  to  itself,  and  of  some  velocity,  parallel  to  the 
surface,  not  affected  by  its  motion. 

If  the  surface  of  the  plate  is  normal  to  the  dLrection  of  its  motion, 
it  produces  velocity  only  in  the  direction  of  its  actual  motion. 

A  series  of  such  surfaces  arranged  radially  around  an  axis  may  be 
called  a  simple  centrifugal  jDump. 

Let  r  =  radius  at  any  point  on  the  surfaces; 

w  =  angular  velocity,  in  revolutions  jaer  second ; 

V  =  actual  velocity  of  the  surface  at  any  point; 

V  ^  ^  7t  r  00. 

The  centrifugal  force  is  the  result  of  restraining  the  velocities,  v, 
into  circular  paths.  If  the  water  is  at  rest  between  Vy  and  the  axis  of 
rotation,  the  centrifugal  force  due  to  rotation  between  i\  and  rj  pro- 
duces a  head, 

h=      ' 


2.9 

If  there  is  no  flow,  the  water  will  be  set  in  motion  from  the  axis  out, 
and  the  head  becomes 

which  is  the  same  as  the  - —  derived  by  Mr.  Harris. 
■^  9 
This  head  is  the  head  produced  by  retarding  the  velocity,  «,. ,  to  0. 

2 
2  2 

The  head,  — ^ ^,  is  the  head  produced  by  retarding  the  water 

from  i\.  to  0,  less  the  head  required  to  give  it  the  velocity,  «,. ,  nec- 

2  -1 

essarv  to  enter  between  the  plates. 
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Call  the  radial  velocity  througli  the  iJiimp  w.     The  motion  of  rota- 
tion   cannot   affect    this   velocity,    which   is   parallel   to    the    blades. 


Mr.  Venable. 


Therefore,  iv  must  be  produced  by  the  head. 


remaining.     This  is  0  when 


2^ 


leaving  a  head, 


+  w\ 


2g  2  , 

It  does  not  matter  whether  -«;  has  its  maximum  value  at  ri,  as  is 
usual,  or  whether  it  has  its  maximum  value  at  r.,,  as  Mr.  Harris  sug- 
gests, as  far  as  the  fact  that  it  must  be  produced  by  the  pump  is  con- 
cerned.    The  maximum  value  must  be  used  in  the  equation  given. 

IV  should  have  its  maximum  value  at  rj,  because  that  is  the  natural 
place  for  the  smallest  section  of  the  pump,  and  nothing  is  gained  by 
shifting  it  outward.  The  actual  size  of  the  orifice  at  r,,  measured 
around  the  circumference  of  the  circle  and  corrected  for  the  angle  at 
which  the  water  enters,  is,  in  the  case  of  radial  vanes, 


=  2  TT  r,  b, 


s/  w^  -f-  V^j. 


^1  It  'i\  bi  sin.  B, 


where  fij  is  the  width  of  the  vanes  at  7\,  and  S  is  the  angle  included 
between  the  direction  of  the  water  and  the  direction  of  motion,  just 
within  the  vanes  at  r. 

Such  a  pump   would  have  large  friction  losses   at   r■^   where   the 
velocity,  v^,  is  suddenly  produced.     This  can  be  avoided  by  inchniug 
the  vanes   to  admit  the  water 
gently;     but    this    introduces 
other  elements  into  the  design. 

The  f ollow-ing  equations  are 
illustrated  by  reference  to 
Fig.  36. 

A  surface  is  inclined  at  an 
angle,  /3,  to  the  direction  of  its 
motion.  Its  velocity  of  motion 
is  V.  The  component  of  this, 
normal  to  the  surface,  is  v  sin.  /?.  w  is  the  velocity  of  flow  normal 
to  the  direction  of  motion  of  the  surface.  Vi  is  the  velocity  of  motion 
of  the  water  parallel  with  the  motion  of  the  surface,  however  pro- 
duced.    The  actual  flow  of  water  is  represented  by  v-^. 

v^  =  w  1  -f-  ic"   =  zj-  sm.''  /3  -f-  v''^. 
Vj.  is  the  velocity  of  the  water  measured  parallel  with  the  surface, 
to  =  (w  —  v^  tan.  ft, 
V  sin.  /i  =  -Oj  sin.  fi  -{•  w  cos.  ft; 

v^  —  v  sin.^  15;  -w 

=  v  cos.  ft 


Fig.  36. 


cos.  ft 


sin.  ft' 


or, 


V  cos.   ft  =z  Vj.  -{- 


sin.  ft' 
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Mr.  Venabie.        If  we  consider  two  such  plates,  parallel  to  one  another,  with  an 
oi'ifice  between  them,  the  identity  of  this  expression, 

V  COS.  6  ^Vr-\ -. ;, 

'  ■"  ^  sm.  /i' 

with  the  expression  derived  for  a  moving  orifice,  v  =  i\-\-  t*,,  will  be 
easily  seen.  The  other  formulas  for  an  orifice  can  be  readily  applied 
to  this  case. 

The  i^late,  however,  does  not  move  actually  against  water  at  rest. 
It  produces  a  velocity,  v  sin.^  /3,  in  the  direction  of  its  motion. 

is  the  pressure  head  at  the  orifice. 


h.,=^'  = 


is  the  velocity  head  actually  present  between  the  plates,  which  may 
be  converted  into  head  by  proiier  retardation. 

2  <7  i^h  +  ^■>)  =  v'-  COS.-  /] 5 f-  v\  4-  MJ'. 

sm.-  /3 

But,  since  t-j  =  «>  —  w  cot.  ^, 

2  y  (7i,  +  h.^  =  v^  (cos."^  /i  _|_  1)  _  2  v  ic  cot.  /3. 

If  we  make  /i  =  90^,  we  have  again  the  case  with  radial  vanes. 

Then  : 

sin."  /i  =  1  ;.    cos.  /3  =  cot.  /S  =0;     •»,  =  •»; 

w^  V-  -\-  w" 

^h  =  -^,     /^2=-^^,and 

^'  +  ''2  ^  2^' 
all  of  which  correspond  with  previous  results. 

If,  instead  of  plates,  such  as  shown  in  Fig.  36,   there  are  curved 
plates,  as  shown  in  Fig. 
37,  the  same  velocity,  v-^, 
may  be  produced  gently, 

instead  of  suddenly,  with  ^^^^.^   \      _JWy\   .'^     J\«S5^  .Moaonofpiatea 

the  same  production  of  ^i 

useful  head.     The  actual  ^m.  sr. 

cross-section  of  the  stream  of  water  increases  as  the  velocity  parallel 
to   the  blades  diminishes.     The  velocity   of  flow  along  the  plate  is 

-.     At  the  entrance,  this  is  - — ^-,  and  at  the  discharge  from  the 

sm.  /3  sm.  (i^  ^ 

blades  it  is  ^.^^  -^  .     The  head  developed  is 

-    1      sin.27"J"^^^- 
The  total  head  produced  by  the  moving  orifice  plus  the  curvature  of 
the  blades  is 
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and  the  final  velocity  produced  is 

v\  =  {v  —  iVo  cot.  /j.^)^  4-  '"'\- 

There  may  be  a  series  of  inclined  blades  arranged  around  an  axis 
of  rotation  in  one  of  two  ways.  These  two  arrangements  are  illus- 
trated in  Figs.  5  and  16.  In  Fig.  5  the  blades  are  arranged  so  that 
the  water  is  intended  to  flow  from  the  axis  of  rotation  outward.  In 
Fig.  16  the  water  flows  in  the  direction  of  the  axis  of  rotation. 
Pumps  with  a  radial  direction  for  iv  are  usually  called  "centrifugal"; 
the  others  are  "  screw  "  or  "  turbine  "  pumps.  The  same  fundamental 
formulas  apply,  but  they  must  be  adapted  to  take  into  account  the 
different  values  of  ty  at  various  points  on  the  blade,  owing  to  variation 
in  r.  This  variation  affects  the  two  classes  diflerently.  Let  gj  ^=  rev- 
olutions per  second  of  the  moving  part. 

The  manner  of  converting  the  velocity  of  water  after  it  leaves  the 
blades  is  also  different  in  the  two  kinds  of  pumps.  In  the  ' '  centrif- 
ugal "  type,  one  chamber  which  encloses  the  pump  collects  all  the 
discharges  between  the  vanes  and  retards  their  velocity.  In  the  other 
case,  deflector  plates  must  be  used  to  reduce  all  the  velocities  to  one 
direction  and  intensity. 

In  the  case  of  the  centrifugal  type,  the  formula  becomes 
2  f/  (/?!  4-7^2)  =  (2  7t  mj-  (r\,  +  r^j  cos.^  /i,)  —  4:  7t  go  r^  111-2  cot.  /io. 

If  the  width  of  the  vanes  is  uniform,  U1.2  =  —  lo^,  and 

''2 

2  y  {hi  -^  JU  =  {2  7t  Gjf  {^2  +  r\  cos.^  /i,)  —  4.  tt  oo  )\  w^  cot.  /J2. 

It  will  be  seen  that,  when  jv  is  very  large  compared  with  r^,  the 
angle,  fj.^,  is  not  very  important;  but  that,  when  rj  and  r,  are  not  widely 
different,  both  /ij  and  //,  are  of  very  great  importance  in  producing 
head. 

The  following  considerations  should  fix  the  curvature  of  the 
blades. 

1. — /Sj  must  be  such  as  to  allow  the  water  free  entrance  with  w 
normal  to  the  direction  of  rotation,  when  the  pump  is  operating  at 
the  conditions  for  which  it  is  especially  designed. 

2. — /ij  must  be  such  as  to  produce  the  required  head,  in  connection 
with  the  other  dimensions  of  the  pump,  namely,  r,,  r.,,  and  the  width 
of  the  vanes  as  the  water  passes  out. 

3. — The  curvature  from  /i,  to  fj.,  must  be  aiich  as  to  give  the  water 
a  continuous  change  in  velocity  as  it  passes  through,  and  as  nearly  a 
uniform  change  from  w  to  v,^  as  possible. 

The  pump  casing  should  also  be  formed  so  that  the  velocity,  r^, 
will  be  reduced  gently  and  uniformly  to  the  velocity  in  the  discharge 
pipe.  This  implies  a  steady  enlargement  of  the  section  of  the  pas- 
sage, measured  normal  to  the  direction  of  flow. 


Mr.  Venable. 
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Mr.  Venable.  Centrifugal  force  is  incidental  to  changes  in  velocity,  and  its  effect 
is  included  in  a  consideration  of  the  specific  effect  of  all  velocity 
changes. 

A  pump,  to  attain  the  highest  efficiency  consistent  with  economical 
construction,  must  be  designed  for  a  particular  speed,  head  and  dis- 
charge. Change  in  any  of  these  elements  will  affect  the  eflSciency 
injuriously,  or  will  not  result  in  as  good  efficiency  as  can  be  secured 
at  the  same  cost  with  a  modified  design.  If  a  jiump  is  to  operate  at 
varioi;s  heads,  its  design  should  be  adapted  to  secure  the  best  results 
at  some  intermediate  head,  so  that  the  average  efficiency  will  be  as 
high  as  possible. 

The  problem  of  designing  a  pump  in  which  w  is  parallel  with  the 
axis  of  rotation  is  one  of  shaping  properly  the  vanes  and  deflector 
pJates  at  various  radii  so  as  to  secure  a  uniform  value  of  h^  +  h.,  at 
all  radii.  The  formulas  given  herein  are  applicable  for  each  particular 
radius.  It  will  readily  be  seen  that  sin.  fi.^  <^annot  advantageously 
exceed  90°  in  such  a  pump. 

In  a  centrifugal  pumjD  it  will  be  noticed  that  Ji^  is  positive  only 
when 

V  cos.  fd^  exceeds 


sin.  /i^' 


Therefore  Jt^  is  larger  the  smaller         "^ 


sin.  /S^' 
Now,  w.^  cot.  f32  =  V  —  Vi, 

or,  - — ^  =  [v  —  Vj)  COS.  fj^. 
sm.  p2 

The  motion  of  the  blade  cannot  possibly  j^roduce  a  motion  of  the 
water  in  contact  with  it  greater  than  v  in  the  dii'ection  of  v,  or  v^  is 
always  less  than  v.  Therefore,  if  cos.  /Sg  is  negative,  either  m»2  i^  nega- 
tive, or  a  negative  head  is  being  created  by  the  curvature  at  fJ.,,  owing 
to  i)ressure  developed  at  other  points  being  consumed  there  in  jiro- 
dueing  the  velocity,  Wj,  greater  than  v.  That  part  of  the  blade  with 
cos.  /i  negative  must  act  as  a  motor  opposing  the  pump.  In  fact,  if 
cos.  /ij  is  made  sufficiently  great,  ?/.'  will  become  negative,  and  the 
pump  discharge  water  in  a  reverse  direction  from  the  ordinary  one. 

To  recai3itulate:  All  pumps  of  the  general  class  under  discussion 
rely  for  their  production  of  head  upon  the  retardation  of  velocity  of 
the  water  relative  to  the  walls  of  the  i^assages  in  which  it  is  flowing. 
This  retardation  is  in  two  sets  of  passages,  one  of  which  is  moving,  in 
which  the  water  acquires  a  velocity  which  should  not  exceed  the 
velocity  of  the  moving  walls,  measured  in  the  direction  of  that  mo- 
tion, and  the  other  set  of  which  is  fixed,  and  enlarges  in  section  in 
order  to  secure  head  from  the  actual  velocity  of  the  water  as  it  enters 
the  fixed  passages. 

The  sum  of  the  head  produced  in  these  two  sets  of  passages  is  the 
total  head  of  the  pump,  which  must  counterbalance  opposing  head, 
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overcome  friction,  and  create   the   velocity  necessary   to   cause    the  Mr.  Venable. 
water  to  enter  between  the  blades  at  the  intake. 

E.  T.  Adams,  Esq.  (by  letter). — Mr.  Harris  presents  an  exceedingly  Mr.  Adams, 
simple  and  sensible  treatment  of  the  theory  of  centrifugal  pumps  and 
fans.  It  is  a  subject  regarding  which,  as  Mr.  Harris  points  out,  very 
little  valuable  or  accurate  information  has  been  jiublished.  It  does 
not  follow  from  this,  however,  as  the  paper  leads  one  to  infer,  that 
nothing  valuable  or  accurate  is  known  regarding  centrifugal  pumps. 
It  is  i^robable  that  each  of  the  principal  builders  of  pumps  of  this 
<jlass  have  in  their  practice  anticipated  many  of  the  discoveries  that 
Mr.  Harris  has  made  and  set  forth  in  this  paper.  It  is  certainly  true 
that  practically  all  the  more  important  points  jaresented  by  Mr.  Harris 
were  discovered  independently  in  the  practice  of  the  Allis-Chalmers 
Company,  and  the  writer  feels  the  better  able  to  express  his  ajjprecia- 
tion  of  the  merit  of  the  discussion  by  Mr.  Harris,  because,  from  the 
practice  of  that  company,  he  is  able  to  give  numerical  results  as  a 
measure  of  the  value  of  theories  which  Mr.  Harris  has  approached 
entirely  from  a  theoretical  and  mathematical  standpoint. 

The  paper  is  an  able  and  valuable  contribution  to  a  subject  which, 
in  the  past,  has  not  received,  from  our  universities  and  their  professors, 
the  attention  which  its  magnitude  and  theoretical  interest  justified. 

AiiLEN  Hazen,  M.  Am.  Soc.  C.  E. — The  siDeaker  has  examined  this  Mr.  Hazen. 
paper  with  a  great  deal  of  interest,  and  feels  that  it  is  a  very  valuable 
•addition  to  the  literature  on  the  subject.     He  has  not  attempted  to 
follow  the  mathematical  discussion. 

During  the  past  year  or  two  he  has  had  occasion  to  see  quite  a 
number  of  centrifugal  pumps,  designed  and  built  in  different  shops, 
which  departed  radically  from  the  old  forms,  and  which  were,  in  his 
judgment,  better  classed  as  turbine  pumps  or  impulse  pumps  than  as 
centrifugal  pumps;  and  he  has  been  much  impressed  with  the  fact 
that,  api^areutly,  the  art  of  constructing  these  pumps  has  developed  in 
certain  shojas  to  a  point  considerably  in  advance  of  that  reflected  by 
the  literature  of  the  subject. 

Many  of  the  matters  which  have  already  impressed  him  in  connec- 
tion with  these  pumps  are  discussed  in  this  paper  and  are  embodied 
in  the  designs  submitted,  although  the  designs  recommended  by  the 
author  differ  widely  in  form  from  any  pumj)  which  the  speaker  has 
seen. 

The  speaker  believes  that  pumps  of  these  advanced  types,  that  is 
to  say,  pumps  depending  largely  upon  impulse  action,  and  in  which 
the  friction  of  water  moving  at  high  velocities  over  the  pump  surfaces 
is  systematically  reduced  to  the  lowest  possible  point,  will  play  a  very 
large  part  in  the  pumjiing  of  the  future. 

Among  other  things,  the  adaptability  of  such  pumps  to  direct  con- 
nection with  high-speed  rotary  motors,  their  low  cost  and  good  effi- 
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Mr.  Hazen.  cieocy  will  lead  to  their  use  in  many  places;  and  it  is  now  well 
demonstrated  that,  with  properly  designed  pumps,  the  old  limit  of 
economical  lift  of  a  centrifugal  pump  is  no  longer  a  real  limit;  it 
applied  only  to  pumps  of  certain  design,  and  when  the  design  is 
adapted  to  the  new  service,  it  is  possible  to  lift  water  to  any  required 
height  with  substantially  the  same  efficiency  that  is  obtained  with 
very  moderate  lifts. 

Mr.  Mayer.        Joseph  Mayek,  M.  Am.  Soc.  C.  E.  (by  letter).— This  paper  is  very 
valuable  in  some  of  its  suggestions  for  improvements,  but  it  is  marred 
by  incorrect  theories  as  to  the  vanes  and  the  factors  governing  the 
•  discharge. 

As  regards  the  discharge,  ^,  the  author  seems  to  miss  entirely 
some  of  the  essential  conditions  governing  it.  The  pump  produces  a 
total  head,  H,  which  is  given  correctly  by  the  author.  This  total 
head  is  used  to  overcome  the  difference  in  level  between  the  lower  and 
the  ujjper  basins  and  all  the  resistances  opposing  the  flow  from  one 
basin  to  the  other,  through  the  suction  pijae,  the  pump  and  the  force 
pil3e.  The  loss  of  head  in  the  pipes  varies  approximately  as  the 
square  of  the  velocity  of  flow  through  them.  The  loss  of  head  in  the 
pumi?  is  composed  of  that  by  friction  in  the  channels  between  the 
runner-  and  guide-  vanes  and  that  due  to  the  only  partial  transforma- 
tion into  pressure  of  the  absolute  exit  velocity  from  the  runner.  The 
first  part  is  different  for  open  and  for  enclosed  runners,  since  it  is 
governed  in  the  former  case  partly  by  the  absolute  velocity  of  the 
water  flowing  along  the  stationary  casing,  and  in  the  latter  altogether 
by  its  velocity  relative  to  the  runner,  which  latter  may  be  only  a  frac- 
tion of  the  former. 

A  runner  which  is  in  contact  with  water  remaining  in  the  pump 
causes,  by  the  friction  between  it  and  this  water,  an  increase  in  the 
power  required  to  drive  the  pump  with  a  given  velocity,  but  this  does 
not  cause  any  loss  of  head  in  the  water  flowing  through  the  pump. 

If  the  constant  peripheral  velocity  of  the  runner  is  v,  then  the  total 
head,  H,  of  the  pump  given  by  the  author  is 
„ u^  -{-  u  Fcos.  fi 

~  9 

If  the  difference  in  level  or  head  between  the  upper  and  lower 
basins,  or  the  lift,  is  H^,  then  H —  /?'  is  the  head  available  for  over- 
coming all  the  resistances  to  the  flow  of  the  water  through  the  pipes 
and  the  pump.  All  these  resistances  ai-e  functions  of  the  velocity  of 
flow;  the  velocity  of  flow,  and  the  consequent  discharge,  is  therefore 
a  function  of  H —  H^;  it  is  not  proportional  to  u,  as  stated  by  the 
author,  but  is  0  for  all  vaKies  of  u,  as  long  as  H^  =  H. 

The  author  uses  the  term  "  efficiency  of  pump  "  in  a  loose  manner, 

H^ 
implying  that  the  efficiency  is  the  ratio  -j^.     The  efficiency  of  a  cen- 
trifugal pump,  as  of  any  other  machine,  is  the  useful  work  done  by 
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it  divided  by  the  work  put  into  it  by  the  motor.     The  useful  work  Mr.  Mayer, 
done  by  the  pump  is  the  weight  of  water  discharged  multiplied  by 
the  lift,  say  H^  w. 

The  work  put  into  the  pump  is  H  w  plus  the  work  done  to  over- 
come the  friction  in  the  bearings  and  that  between  the  runner  and  the 
■water  remaining  in  the  pump,  plus  the  work  done  in  driving  the  leak- 
age jaast  the  pump.  If  the  sum  of  the  last  three  items  is  A,  then  the 
eflSciency  of  the  pump  is 

H^  w      _      H^ 

Hw  -f-  A  '~   ri   t    ^ 

H  -\ 

11} 

This,  evidently,  is  always  smaller  than  -^,  since  A  can  never  be  0. 

The  author  is  in  error  as  regards  the  principles  which  must  govern 
the  design  of  the  vanes.  He  asserts  that  in  Fig.  20  the  velocity  of 
exit  at  d  will  be  much  larger  than  at  ((.  The  opposite  is  true.  He 
neglects  the  fact  that  on  account  of  the  circular  motion  of  the  water 
beginning  on  the  vertical  line,  /  b,  and  the  consequent  increase  of  press- 
ure from  b  toward  /,  due  to  centrifugal  force,  the  relative  velocities 
in  the  section,  b  /,  must  decrease  in  going  from  b  to/,  since  the  in- 
crease in  i^ressure  can  only  be  produced  at  the  expense  of  a  decrease 
in  velocity.  The  average  velocity  in  b  f,  therefore,  is  less  than  the 
velocity,  ^^  of  the  vane.  Since  the  water  originally  above  the  level  of 
/  will  nearly  all  pass  up  the  vane,  there  will  be  a  rise  at  b;  that  is, 
the  vertical  distance  from  f  to  the  surface  will  be  larger  than  b  f  in 
the  figure.  During  the  relatively  circular  motion  along  the  vane  the 
velocity  of  each  particle  of  the  water  (neglecting  the  effects  of  gravity 
and  friction)  will  be  constant,  but  those  particles  near  the  vane  will 
move  more  slowly  than  those  at  the  surface;  the  velocity  of  the  parti- 
cles gradually  decreases  and  the  pressure  gradually  increases  as  one 
passes  from  the  surface  to  the  vane.  Before  and  near  a  d,  of  the  fig- 
ure, the  same  condition  prevails,  the  total  head,  velocity  plus  press- 
ure head,  being  the  same  from  the  surface  to  near  the  vane.  Shortly 
beyond  a  d,  where  the  motion  is  straight,  the  pressure  is  uniform 
through  the  whole  cross-section,  and  also  the  velocity.  The  friction 
along  the  vane  was  here  neglected;  this  will  cause  a  diminution  of  the 
velocity  of  the  particles  passing  at  d. 

The  vanes  of  an  axial-flow  pump  will  now  be  considered.  In  such' 
a  piimp  each  particle  of  water  maintains  during  its  flow  through  the 
vanes  an  ai^proximately  uniform  distance  from  the  axis  of  the  pump, 
while,  in  a  radial-flow  pump,  this  distance  increases.  This  difference 
in  the  direction  of  flow,  relatively  to  the  runner,  entails  a  fundamen- 
tal difference  in  the  proper  shape  of  the  vanes. 

It  is  generally  conceded  that  the  vanes  should  be  shaped  so  that 
the  water  enters  without  shock,  and  it  is  perceived  that   the  tangent 


234 


DISCUSSION":    CENTRIFUGAL   PUMPS    AND    FANS. 


Fig. 


Mr.  Mayer,  of  the  angle,  A,  of  the  author,  betweea  the  directions  of  the  relative 
entrance  velocity  and  the  veloeitj  of  the  runner  at  the  entrance  should 

be  equal  to  — ,  where  i\  is  the  absolute  velocity  of  entrance  of  the  water 

into  the  runner,  and  ■u^  is  the  tangential  velocity  of  the  runner  at  the  point 
of  entrance  (see  Fig. 
38).  The  elevation 
shows  the  intersec- 
tions of  the  vanes 
with  a  cylinder,  of 
radius,  r,  after  de- 
velopment; r  being 
the  mean  radial  dis- 
tance of  the  vanes 
from  the  axis  of  the 
runner.  If  the  radial 
width  of  the  vanes 
near  the  entrance  is 
constant,  and  if  the 
velocity  of  entrance 
of  the  water  is  to  be 
constant,  the  first 
part,  a  b,  of  the 
vanes  should  be  straight.  If  this  part  is  not  straight,  but  convex 
toward  the  flow,  then  the  velocity  of  entrance,  as  the  vane  passes 
a  given  point,  increases,  while  the  part  a  6  is  passing  in  front  of  that 
poiut,  in  proportion  to  the  increase  of  the  tangent  of  the  angle  of 
inclination  of  the  tangent  to  the  vane  curve  with  the  plane  of  rota- 
tion. This  increased  velocity  is  suddenly  checked  when  the  point  of  the 
next  vane  comes  around.  If  the  vane  recedes  far  from  the  straight 
line,  a  b,  the  acceleration  needed — which  must  extend  for  some  dis- 
tance into  the  suction  pipe — may  not  be  produced,  and  a  vacuum  will 
be  created  on  the  farther  part  of  the  back  of  the  vane.  There  will 
certainly  be  a  vacuum  at  the  front  of  the  vane,  at  and  near  the  en- 
trance.    The  velocity  of  entrance  will  be  rajjidly  oscillating. 

To  secure  absolute  uniformity  of  the  entrance  velocity,  the  vane 
should  be  straight  to  the  ja.oint  where  it  begins  to  be  covered  by  the 
following  vane  looking  in  the  direction  of  the  absolute  velocity  of  the 
entering  water.  A  small  variation  in  the  entrance  velocity,  however, 
causes  little  loss  of  head;  it  is,  therefore,  sufficient  to  make  the  vanes 
straight  for  a  shorter  distance,  say  up  to  the  point  where  they  are 
covered  by  the  following  vanes  when  looking  at  right  angles  to  the 
relative  entrance  velocity. 

The  lengths  of  the  channels  in  the  runner,  and  the  loss  by  friction 
in  it,  are  thereby  reduced.  This  argument  must  be  modified  when  the 
vanes  are  of  decreasing  radial  width  near  the  entrance.     Then  a  uni- 
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form  absolute  velocity  at  tlie  entrance  produces  an  increasing  absolute  Mr.  Mayer, 
velocity  as  the  vane  is  entered.  The  curve  of  the  vane,  in  this  case, 
should  begin  at  the  entrance.  If  the  rate  of  reduction  of  radial  width  of 
vanes  is  given,  their  proper  curve,  corresponding  to  a  uniform  velocity 
of  entrance,  can  easily  be  constructed.  The  acceleration  of  the  water, 
in  this  case,  does  not  extend  beyond  the  vanes,  the  corresponding 
reduction  of  pressure,  therefore,  is  small,  and  can  be  calculated 
accurately. 

If  the  remainder  of  each  vane  is  an  arc  of  a  circle,  of  radius,  p,  the 
water  will  begin  to  be  deflected  from  its  straight  course  at  &  &i;  it  will, 
after  this,  move  relative  to  the  wheel  approximately  in  arcs  of  circles 
of  radius,  p.  Near  the  line,  c  q,  and  within  the  wheel,  the  mean  relative 
velocity  of  the  water  is  V.  The  centrifugal  force  produces  an  increase 
of  pressure  as  one  advances  from  cto  q.  Since  the  pressure  in  front  of 
the  vane  at  q  is  greater  than  the  pressure  in  the  rear  of  the  vane  at  c, 
the  velocity  at  c,  in  front  must  be  less  than  at  c  in  the  rear  of  the  vane. 
Near  the  center  of  c  c,  will  be  the  mean  velocity,  V,  and  the  mean 
pressu.re,  p.  The  absolute  jDressure  in  the  rear  of  the  vane  at  c  cannot 
be  less  than  0.  The  centrifiigal  force  along  c  c,  produces  a  diflference 
of  pressure,   p\  per  unit  of  area  at  the  two  points,   c  and  c„  where 

1  _  d   W  V^ 

^  ~     9      P 
where 

d  =  c  c^; 

TF:=  weight  of  cubic  vinit  of  water; 

g  =  acceleration  of  gravity; 

fj  =  radiiis  of  curvature; 

all  in  the  same  unit. 

The  foregoing  equation  is  only  approximate,  but  sufficiently  so,  if 

the  variation  in  velocity  between  c  and  c^  is  not  very  large. 

One-half  this  pressure,  p',  will  be  the  reduction  of  pressure  at  the 

back    of  the   vane   at   c,  below  the  mean  pressure,  p.      ^,  therefore, 

must  be  smaller  than  j)  plus  atmospheric  pressure;  otherwise  a  vacuum 
will  be  produced  at  c,  in  the  rear  of  the  vane.  This  gives  certain 
limits  for  Fand  p  and  d  which  must  be  kept  in  view  in  determining 
these  quantities. 

The  author  seems  to  appreciate,  in  Figs.  23  and  24,  the  necessity 
of  having  the  part  of  the  vanes  near  the  entrance  straight,  but  he  neg- 
lects this  condition  in  all  other  vanes  shown.  He  shows  in  Fig.  24 
fixed  guide  vanes  with  a  straight  entrance.  The  conditions  determin- 
ing the  shape  of  these  vanes,  however,  are  diflfei-ent  from  those  in  the 
runner.  Either  the  pressure  is  much  greater  than  at  the  entrance  to 
the  runner,  or  the  angle  between  the  entrance  and  exit  of  these  vanes 
is  much  less  than  in  the  runner.  The  velocity  decreases  during  the 
flow  throtigh  these  vanes,  and  the  i^ressure  increases.     Consequently, 


23(5 
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Mr.  Mayer,  there  is  much  less  chance  for  the  formation  of  a  vacixum.  The  curvature 
of  these  vanes  may  be  much  sharper,  and  may  begin  nearer  the 
entrance,  it  can  be  calculated  in  a  similar  manner  to  that  of  the 
vanes  of  the  runner.  The  vanes  shown  on  Fig.  24,  evidently,  would 
better  perform  the  office  of  turning  all  the  outflowing  water  into  one 
direction,  if  their  straight  part  were  shorter  and  their  curved  part  were 
of  greater  radius. 

The  use  of  such  fixed  guide-vanes,  however,  can  be  avoided,  with 
advantage,  by  introducing,  at  the  exit  from  the  runner,  a  circular 
channel  gradually  increasing  in  cross-section,  such  as  shown  by  the 
author  for  radial-fiow  pumps. 

Vanes  of  Radial- Floni  Pumpi^. — The  condition  that  the  water  should 
enter  the  pump  with  uniform  velocity,  and,  therefore,  without  shock 
from  the  moving  vanes,  determines  the  curve  of  each  vane  as  far  as  it 
is  not  covered  by  tbe  following  one  when  looking  from  the  center  of  the 
pump.  This  curve  is  a  spiral  when  the  axial  width  of  the  vanes  near 
the  entrance  decreases  in  proportion  to  the  distance  from  the  axis.  If 
the  axial  width  of  the  vanes  decreases  at  a  greater  or  smaller  rate  than 
the  distance  from  the  axis  increases,  then  the  radial  velocity  of  the 
water  must  increase  or  decrease  as  its  distance  from  the  center  in- 
creases, if  a  uniform  velocity  of  entrance  into  the  wheel  is  to  be 
secured.  If  the  rate  of  decrease  of  axial  width  of  vanes  is  given  by  an 
axial  section  of  the  pump,  then  the  proi3er  shajje  of  the  vanes  near  the 
entrance,  so  as  to  secure  a  uniform  entrance  velocity,  can  easily  be  con- 
structed. The  part  of  each  vane  covered  by  the  following  one  can  be 
an  arc  of  a  circle  meeting  the  circumference  of  the  wheel  at  a  right 
angle.  It  is  not  essential  that  the  entrance  velocity  should  be  ab- 
solutely uniform.  The  circular  part  of  the  vanes,  therefore,  can  begin 
somewhat  earlier  than 
given  above,  without  much 
loss  at  the  entrance,  and 
with  a  reduction  of  the 
friction  loss  in  the  wheel. 
See  Fig.  39.  If  the  circu- 
lar arc  for  the  latter  part 
of  the  vane  is  drawn  tan- 
gent to  the  assumed  end  of 
the  first  i^art  of  the  vane 
with  arbitrary  radius,  and 
if  the  periphery  of  the 
wheel  is  drawn  normal  to 
this  circle,  then  the  abso- 
lute curve  of  the  moving 
water  near  the  exit  from 
the  runner  can  be  con- 
structed,      provided       the 
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velocity  of  the  runner,  the  radial  width  of  the  vanes,  and  the  discharge  Mr.  Mayer, 
are  given.     From  this  curve  of  the  absolute  motion  of  the  water,  in 
the   runner  near  its  exit,   its  radius  of  curvature  at  the  exit  can  be 
determined.      This  corresponds  to   the  radius,    p,    of  the   axial-flow 
pump. 

The  centrifugal  force  between  two  succeeding  vanes  can  then  be  cal- 
culated in  a  manner  similar  to  that  shown  previously.  Half  the  press- 
ure from  centrifugal  force  subtracted  from  the  mean  absolute  pressure 
at  the  exit  from  the  pump,  calculated  from  the  formulas,  gives  the 
absolute  pressure  at  the  back  of  the  vanes  at  their  outside  ends. 
This  should  be  more  than  0.  If  this  is  not  the  case,  then  the  num- 
ber of  vanes  near  the  periphery  of  the  pump  should  be  increased, 
or  their  radius  of  curvature  made  larger.  The  number  of  vanes  can 
often  with  advantage  be  made  twice  as  large  near  the  periphery  as 
near  the  center.  The  shape  here  suggested  for  the  outside  jjart  of  the 
vanes  is  to  some  extent  arbitrary.  To  reduce  the  loss  of  head  by 
friction  during  the  flow  through  the  vanes,  their  radial  depth  should 
be  as  small  as  is  compatible  with  the  avoidance  of  a  vacuum  and  of 
considerable  shocks  at  the  entrance.  The  best  vane,  therefore,  will 
be  obtained  if  the  curvature  is  made  as  sharp  as  is  compatible  with 
these  conditions.  If  this  is  done,  the  absolute  pressure  on  the  back 
of  the  vane,  from  the  periphery  to  the  point  where  the  vane  is  not 
covered  by  the  following  one,  will  be  0.  From  this  condition,  the  best 
curve  of  the  vane  can  be  constructed  when  the  amount  of  flow,  the 
axial  widths  of  the  vane,  and  the  velocity  of  the  wheel  are  given. 
The  process,  however,  is  complicated. 

When  the  pressure,  p,  is  great,  and  the  velocity,  V,  is  small,  p  be- 
comes very  small.  In  this  case  no  vacuum  need  be  feared,  and  the 
curvature  of  the  latter  part  of  the  vanes  can  be  chosen  freely  to  suit 
other  considerations. 

If  the  vanes  are  designed  correctly,  which  is  rarely  done,  a  pumji 
can  be  constructed  which  will  work  economically  with  much  greater 
speed  and  entrance  velocity  than  is  i)racticable  with  a  badly  designed 
pump. 

Most  of  the  designs  of  the  author  have  very  complicated  vanes 
of  double  curvature,  which  can  hardly  be  calculated  and  would  be 
diflicult  to  mould  exactly  to  the  calculated  shape. 

The  surface  of  the  vanes  of  radial-flow  pumjas  is  cylindrical,  that  of 
the  vanes  of  axial-flow  pumps  is  a  skew  surface  produced  by  the 
motion  of  a  straight  line  always  intersecting  the  axis  and  the  vane 
curve  on  the  cylinder  with  radius,  r  (given  previously),  and  always 
remaining  perpendicular  to  the  axis. 

The  Radial  Depth  of  Vanes  of  Axial-Flow  Pumps. — To  make  clear 
one  of  the  most  important  conditions  which  must  govern  the  radial 
depth  at  the  exit  from  such  vanes  in  an  economical  pump,  the  author's 
compound  pump  of  Fig.  32  will  be  considered. 
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Mr.  Mayer.        The  radial  cleiith  of  the  vanes  scales  2  ins. ;  the  head,  H,  produced 

2  2 

by  one  set  of  moving  vanes,  varies,  then,  from  -^'to    — ,  if  w  andw,  are 

9  9 

the  least  and  greatest  velocities.  d„  is  12  ins.;  (l^  is  16  ins.,  with  500 
revolutions  per  minute; 

Mo  =  26.18  ft.; 

Ml  =  34.91  ft.; 

—"=21.28  ft; 
9 

^  =37.85  ft. 
9 
The  head  corresponding  to  the  mean  diameter  of  14  ins.  is 

The  heads  produced  by  the  two  sets  of  vanes  are  twice  those 
given  above,  or  from  42.56  to  75.70  ft.  If  the  adverse  head,  outside  of 
the  pump,  equal  to  the  lift  plus  the  losses  of  head  in  the  suction  and 
force  pipes,  is  50  ft. ,  then,  evidently,  the  water  will  flow  backward  at 
the  inside  of  the  vanes  with  a  velocity  that  will  create  losses  of  head 
equal  to  7.44  ft.  The  velocity  will  be  small,  as  there  will  be  much 
loss  by  shock  where  the  water  enters  new  sets  of  vanes.  The  water 
will  flow  forward  at  the  outside  of  the  vanes  with  a  velocity  that  will 
create  losses  of  head  equal  to  25  7  ft.  The  loss  of  head  suflered  by 
the  water  in  flowing  through  the  pump  near  the  outside  of  the  vanes 
will  be  25. 7  ft.  On  account  of  the  extremely  variable  velocity  of  flow 
in  the  channels  between  the  vanes,  there  will  be  much  internal  friction 
of  the  water  by  eddies.  The  direction  of  the  vanes  cannot  be  adapted 
to  these  various  velocities,  consequently  there  will  be  much  shock  at 

the  entrances    to  the  difierent  sets    of  vanes.      A  large  ratio   of  -J' 

therefore,  is  very  objectionable  in  a  jiump  with  axial  outflow  from  the 
vanes  ;  the  result,  inevitably,  must  be  a  low  efficiency.  All  calculation 
of  the  lift,  or  amount  of  flow  corresponding  to  a  given  velocity,  v,  in 
a  pump  like  that  here  considered,  miist  be  futile;  any  attempt  to 
design  for  it  vanes  that  will  avoid  shock  is  equally  hojieless. 

The  Efficiency  of  Centrifugal  Pumps. — The  writer  will  disregard  the 
author's  warning,  at  the  risk  of  endangering  the  reputation  of  mathe- 
matics, trusting  that  she  is  strong  enough  to  defend  her  reputation, 
and  will  attempt  to  ascertain  by  calculation,  as  far  as  possible,  the 
conditions  which  must  be  complied  with  to  secure  an  efficient  centri- 
fugal pump. 

The  efficiency  of  a  machine  is  its  useful  work  divided  by  its  total 
work.  The  total  work  is  the  useful  work  plus  the  wasted  work  or  the 
losses. 

In  a  rotary  pump  the  useful  work  is  the  product  of  the  lift  into  the 
weight  of  water  discharged.     The  losses  are: 
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First. — The  friction  in  the  bearings;  Mr.  Mayer 

Second. — The  friction  between  the  rnnner  and  the  water  remaining 
in  the  pump; 

Third. — The  waste  by  leakage  from  the  pressure  to  the  suction  side 
of  the  runner; 

Fourth. — The  friction  of  the  water  while  flowing  through  the  chan- 
nels between  the  vanes; 

Fifth. — The  loss  in  the  transformation  into  pressure  of  the  velocity 
given  to  the  water  by  the  vanes  of  the  runner; 

Si.xth. — The  losses  in  the  suction  and  force  pipes,  if  these  are  con- 
sidered a  part  of  the  pump. 

The  first  loss  is  very  small,  especially  if  the  pump  is  well  balanced 
and  driven  by  an  electric  motor.  Its  size  depends  on  the  efficiency  of 
lubrication  and  the  condition  and  design  of  the  bearings. 

The  second  loss  can  be  avoided  almost  wholly  by  surrounding  the 
pump  with  air  instead  of  water,  as  suggested  by  the  author. 

The  third  loss  can  be  kej^t  low  by  proper  design  and  accurate 
workmanship. 

The  first  three  losses  afifect  the  efficiency,  but  not  the  lift,  of  the 
pump.     The  third  loss  reduces  the  amount  of  discharge. 

The  laws  governing  the  losses  of  head  in  the  suction  and  force 
pipes  are  well  known,  as  the  velocities  in  them  are  not  unusual.  These 
losses  can  be  calculated  accurately  for  any  given  discharge. 

The  laws  governing  the  losses  during  the  flow  through  the  vanes 
are  not  accurately  known,  as  the  velocities  are  generally  larger  than 
the  range  of  the  exiJeriments,  and  as  the  channels  are  somewhat  irreg- 
ular; but  the  known  formulas  for  the  relation  between  velocity,  friction, 
and  hydraulic  radius  will  give  approximately  true  results.  These  will 
be  a  much  better  guide  than  absolute  ignorance.  The  writer,  there- 
fore, will  use  Kutter's  formula : 

F=  c  V^~S. 1 

0.00281    ,    1.811 

41.6  +  -77, 

Slope.  n 

where  c 


+(«-«+4;=) 


V  R  (in  feet) 
in  which  n  is  the  coefficient  of  roughness,  and  may  be  taken  =  0.009 
It  may  be  somewhat  more  in  a  new  jiump  with  rough  channels,  but 
will  soon  decrease  with  the  use  of  the  i^umja. 
The  slope  in  this  case  is  large. 

The  formula  for  c,  therefore,  becomes  approximately 

243 
''-  0.374      ^^ 

-v/-R~(infeet) 
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Mr.  Mayer.        From  Equation  /  we  obtain 


c^  R 

The  loss  of  head,  h^,  in  a  length,  /,  of  a  conduit  is 


If  /3  =  90°,  then 


and 


W  =  81= 

c'i  R 


^l^^YlL  in 

H      ci  u-i  R 

In  this  formula,    V  is  the  velocity  of  flow  through  anv  channel, 

either  in  runner-  or  guide-  vanes,  relative  to  the  channel  walls.     -^ 

is  the  fraction  of  the  total  head  lost  in  the  channel  considered. 

If  Fand  R  vary  much  in  different  parts,  of  a  channel  the  channel 
should  be  subdivided  into  different  parts,  with  nearly  constant  Fand 
R  in  each  jsart,  and  the  losses  of  head  of  succeeding  jsarts  should  be 
added. 

If  the  relative  velocity  against  the  different  walls  of  a  channel  is 
different,  as  in  open  runners,  then  the  losses  of  head  by  friction 
against  the  walls  with  different  velocity  must  be  calculated  separately 
and  added.  This  can  easily  be  done  if  it  is  considered  that  the  fric- 
tion against  a  part  of  the  perijihery  of  a  channel  is  equal  to  the  friction 
with  the  same  velocity  against  the  whole  periphery,  multiplied  by 
the  ratio  between  the  length  of  the  part  and  the  length  of  the  whole 
periphery. 

By  means  of  Equation  III,  the  fraction,  — ,  for  the  whole  length  of 

the  channels  between  the  vanes  can  be  calculated  for  any  proposed 
shape  of  the  vanes. 

Equation  //  shows  that  c  increases  slowly  with  the  increase  of  R. 
I  is  the  length  of  the  channel  through  the  vanes,  and  it  increases  with 
R.  On  account  of  the  increase  of  c  with  R,  pumps  of  large  discharge 
in  comparison  with  the  lift  lose  a  smaller  fraction  of  the  total  head 
by  friction  during  the  flow  through  the  runner-  and  guide-  vanes,  than 
pumps  of  small  discharge  compared  with  the  lift.  The  formula  shows 
that  Z  should  be  as  small  as  it  can  be  made.  This  can  be  accomplished 
by  making  the  curvature  of  the  vanes  as  sharp  as  is  compatible  with 
the  conditions  previously  mentioned.  The  shape  of  the  channels 
should  be  such  as  to  give  a  large  R  ;  that  is,  they  should  be  as  nearly 
square  as  other  conditions  allow. 

If  the  head  is  large,  several  pumps  in  succession,  or  a  compound 
pump,  will  lose  less  in  efficiency  by  the  friction  in  the  channels  be- 
tween the  vanes  than  a  single  pump  of  the  total  lift,  as  R  will  be 
larger  in  the  former  case. 
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The  formulas  given  by  the  author  and  in  the  foregoing  leave  a  Mr.  Mayer, 
wide  range  of  choice  for  the  velocity  of  flow  through  the  pump. 
Trial  designs  of  vanes  should  be  made  for  difierent  values  of  this 
velocity,  and  the  consequent  relative  loss  by  friction  in  the  channels 
through  the  vanes  should  be  calculated  by  means  of  Equation  ///. 
By  repeated  trials,  a  form  of  vane  will  be  found  which  will  give 
nearly  the  smallest  jjossible  loss  of  head  by  friction  in  the  channels  be- 
tween the  vanes.  The  conditions  previously  given,  to  avoid  a  vacuum 
and  a  rapidly  oscillating  entrance  velocity,  shoiild  always  be  ob- 
served. 

The  loss  by  the  only  partial  transformation  into  pressure  of  the  abso- 
lute exit  velocity  from  the  runner  may  be  estimated,  preliminarily,  at 
10%"  of  H,  for  a  well-designed  pump  without  sudden  enlargement  of 
the  exit  channels.  This  loss  is  increased  by  any  increase  in  the 
assumed  relative  exit  velocity,  V,  from  the  runner.  This  latter, 
therefore,  shou.ld  be  taken  somewhat  smaller  than  would  be  prescribed 
by  the  smallest  friction  loss  between  the  vanes. 

The  calculation  of  the  pump  must  start  with  the  known  desired 
lift,  H^,  and  discharge,  Q.  Thelossesof  head  in  the  adopted  suction  and 
force  pipes  can  then  be  calculated  and  added  to  H^.  This  sum  should 
be  increased  by  from  20  to  83%,  to  obtain  the  theoretical  head,  H. 
The  former  percentage  of  addition  should  be  used  for  pumps  of  large 
discharge,  the  latter  for  pumps  of  small  discharge,  as  compared  with 
the  head,  n  can  then  be  calculated,  and  the  vanes  designed  for  differ- 
ent velocities  of  flow  through  the  pump.  The  quantity  of  flow 
through  the  channels  between  the  vanes  of  the  runner  must  be 
assumed  equal  to  Q  plus  the  estimated  leakage  past  the  runner. 

The  loss  of  head  by  friction  in  the  channels  between  the  different 
trial  vanes  must  then  be  calculated  and  the  best  ones  adopted.  If  the 
first  guess  for  the  losses  of  head  in  the  pump  was  far  out  of  the  way, 
a  new  and  better  guess  can  be  made  and  better  vanes  designed. 

The  remainder  of  the  six  losses  above  mentioned  should  then  be 
calculated,  and,  where  calculation  fails,  guessed  at.  This  determines 
the  eflBciency  of  the  pump  and  the  power  of  the  motor  required. 
After  the  pump  is  built  it  should  be  tested.  From  the  tests  the  un- 
known factors  previously  guessed  at  can  be  inferred  more  closely,  and 
in  future  predicted  more  accurately.  The  loss  about  which  least  can 
be  inferred  from  general  hydraulic  principles  is  that  due  to  the  only 
partial  transformation  of  the  exit  velocity  from  the  runner  into  head. 
The  laws  governing  its  size  must  be  inferred  from  numerous  tests  with 
pumps  actually  built. 

Loss  of  Work  by  Frictio7i  between  the  Runner  and  the  Standing  Water 
Surrounding    It. — We   have    F  =  c  -x/  R  S,  for  the  relation   between 

velocity  and  friction  in  a  water  jiipe.     From  this,  S  =  ~i~p)  au<l  from 
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Mr.  Mayer,  this  is  obtained  the  work  needed  to  overcome  the  friction  on  a  length, 
/,  of  the  pipe 

W    (I 
SlaV  W=  ~  4>  I  ^''\ 

where   a  is   the   area    of   cross-section   of  the   pipe;   and  -^5-  =  /),  the 

periphery  of  the  pipe. 

If  we  introduce  p  for  ^-,  and  call  the  work  of  friction,  F,  we  obtain 
rC 

W 

F=  --  pi  V\ 

})  lis  the  area  along  which  the  friction  occiirs,  and  F"^  is  the  velocity 
of  the  passing  water. 

The  standing  water  in  the  pump  will  gradually  begin  to  revolve 
with  the  runner,  and  the  relative  velocity  between  the  runner  and  the 
water  will  thereby  decrease.  If  the  case  fits  the  runner  closely,  ihe 
velocity  of  the  water  will  be  half  that  of  the  runner.  This  will 
reduce  the  friction  between  the  runner  and  the  water  to  about  one- 
eighth;  but  there  will  arise  friction  between  the  water  and  the  case, 
which,  for  a  close  lit  between  the  runner  and  the  case,  is  about  equal  to 
the  friction  between  the  runner  and  the  water.  The  power  to  over- 
come the  friction  between  the  water  and  the  case  must  also  come  from 
the  runner.  The  total  work  of  friction,  therefore,  is  approximately 
one-quarter  of  that  between  quiet  water  and  the  runner. 

Difl'erent  parts  of  the  runner  have  different  velocities,  and  the 
formula  for  F  must  be  changed  accordingly.  The  two  considerations 
mentioned  suggest  the  formula 

W  W 

F  =  2  /',  p  I  V  ==  f^^pl  V\ 
4  c^-'  4  c" 

The  case  here  considered,  however,  is  widely  difi'erent  from  that  of 
the  flow  of  water  in  a  pipe  or  an  open  channel.  The  results  obtained 
by  the  formula,  therefore,  may  not  correspond  with  the  facts.  Ex^jer- 
iments  with  a  pump  arranged  for  running  in  either  water  or  air,  and 
driven  by  an  electric  motor  of  known  characteristics,  would  be  needed 
to  determine  the  proper  coefficients  for  the  formula.  Experiments 
with  a  metal  disk  and  with  a  cylinder  revolving  in  water  would  be 
still  more  suitable  for  ascertaining  the  general  law  of  this  friction. 

The  distance  of  the  case  from  the  runner  has  probably  little  influ- 
ence on  the  amount  of  work  lost  by  this  friction.  If  the  case  is  far 
distant  from  the  runner,  a  large  part  of  the  total  friction  will  be  in- 
ternal friction  in  the  water,  and  the  friction  between  the  water  and  the 
case  will  be  correspondingly  smaller. 

The  formula  is  here  given  merely  as  a  hypothesis  of  the  jirobable 
law  of  this  friction.  It  needs  confirmation  by  experiment,  because 
several  steps  in  the  argument  are  mere  surmises. 
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It  is  hard  to  see  what  the  author  expects  to  accomplish  by  his  pro-  Mr.  Mayer, 
posed  adjustable  pump  that  could  not  be  obtained  in  a  cheaper, 
better,  and  simpler  manner  by  a  throttling  valve  in  the  force  pipe. 
The  narrowing  of  his  exit  channels  from  the  runner  will  decrease  the 
quantity  of  flow,  as  desired,  but  it  will  cause  an  increased  loss  of  head 
in  these  channels.  The  vanes  of  the  runner  can  be  made  quite  suit- 
able only  to  one  ratio  between  velocity  of  flow  and  the  velocity,  u. 
The  best  efficiency,  therefore,  cannot  be  maintained  for  different  dis- 
charges accompanying  the  same  speed  of  the  pump. 

The  introduction  of  these  additional  vanes  into  a  part  of  the  pump 
with  high  velocity  must  inevitably  decrease  much  the  obtainable 
maximum  efficiency.  The  inti'oduction  of  a  throttling  valve  into  a 
force  pipe  with  small  velocity  would  have  little  effect  on  the  maxi- 
mum efficiency  of  the  pump,  and,  if  partly  closed,  it  would  reduce  the 
maximum  efficiency  of  the  pump  no  more  than  the  corresi^onding 
reduction  of  the  smaller  maximum  efficiency  of  the  author's  adjust- 
able pump.  If  the  speed  of  the  motor  can  be  varied,  a  reduction  of 
speed  will  briug  about  a  reduction  of  discharge  with  less  loss  of 
efficiency  than  is  inevitable  with  the  contrivance  suggested  by  the 
author. 

The  author  is  correct  in  assuming  that  the  field  of  usefulness  of 
rotary  pumps  will  be  largely  increased  by  an  improvement  in  their 
efficiency. 

Rotary  pumps  of  high  efficiency,  driven  by  steam  turbines  or 
electric  motors,  may  be  expected  to  encroach  largely  on  the  jiresent 
field  of  reciprocating  pumps,  for  which  steam  turbines  and  electric 
motors  cannot  be  used  with  advantage. 

To  sum  up  the  writer's  review  of  the  paper:  His  formulas  for 
rotary  pumps,  with  one  unitnportant  exception,  are  correct,  but, 
alone,  they  are  utterly  inadequate  as  a  guide  for  the  design  of  an 
economical  pump.  Such  a  guide  can  only  be  obtained  from  a  care- 
ful mathematical  analysis  of  the  conditions  governing  the  efficiency 
of  rotary  pumps.  Most  of  the  defects  of  the  paper  are  due  to  the 
refusal  of  the  author  to  undertake  such  an  analysis.  A  perfect 
mathematical  analysis  of  these  conditions  may  be  impossible,  but  it 
is  easy  to  go  much  further  than  the  author  did,  and  thereby  avoid 
the  errors  into  which  he  has  fallen.  Only  by  carrying  the  mathe- 
matical investigation  as  far  as  possible  can  the  results  of  tests  on 
completed  jjumps  be  so  interpreted  as  to  ascertain  the  complete  laws 
governing  the  efficiency  of  rotary  pumps,  and  only  in  this  way  can  a 
complete  guide  to  the  correct  design  ot  rotary  pumps  be  finally 
obtained. 

The  author's  theory  of  the  vanes,  as  far  as  it  goes,  is  incorrect,  and 
it  does  not  go  nearly  far  enough.  His  vanes,  like  those  of  most 
pumps,    are   largely    guesswork.      He   neglects   in   his   investigation 
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Mr.  Mayer,  some  of  the  governing  factors  determining  the  discharge.  His  state- 
ments in  regard  to  it  are  therefore  in  error.  He  neglects  the  inequality 
of  head  i^rodiiced  at  the  inside  and  outside  of  the  discharge  ring  of 
axial  flow  pumps,  and,  in  consequence,  recommends  an  evidently 
inefficient  design.  He  suggests  an  adjustable  pump  of  no  value.  He 
makes  a  distinction  between  centrifugal  and  impulse  pumps,  saying 
that  they  are  based  on  different  princijjles.  His  equations  do  not 
sustain  this  assertion.  The  essential  jsrinciple  of  both  is  the  same. 
The  water  is  given  a  velocity  by  means  of  vanes  pushing  it  along. 
This  velocity  is  reduced  and  transformed  into  pressure.  The  proper 
shape  of  the  vanes  is  different  for  radial  and  for  axial  motion  of  the 
water.  This  is  the  only  essential  difference  between  centrifugal  and 
impulse  pumjis.  Centrifugal  force  always  arises  when  a  body  is 
forced  to  move  in  a  curve.  There  is  no  good  reason  given  why  the 
pressure  during  the  flow  through  the  runner  should  be  constant  or 
variable  in  either  kind  of  i^ump.  The  different  values  of  this  pressure 
may  be  chosen  to  suit  other  conditions.  All  unnecessary  restrictions 
are  harmful,  because  they  limit  the  possibility  of  nearly  satisfying  all 
essential  conditions  of  great  efficiency. 

The  author  also  suggests  compound  pumps  for  high  lifts,  which, 
if  they  are  properly  designed,  will  give  good  results. 

The  merit  of  the  jjaper  lies  mainly  in  a  simple  derivation  of  correct 
formulas,  and  in  suggestions  for  methods  of  balancing  and  reducing 
the  friction.  In  spite  of  all  defects  the  paper  is  a  valuable  con- 
tribution to  the  theory  of  rotary  pumps. 
Mr.  Horton.  Theodoke  Horton,  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — It  is 
always  a  pleasure  to  find  a  subject,  the  mathematics  of  which  might 
be  termed  burdensome,  treated  in  a  simple  and  practical  manner,  as 
the  author  has  done  with  the  subject  of  the  centrifugal  pump.  The 
writer  believes,  however,  with  the  author,  that  the  forces  acting  with- 
in a  centrifugal  pump  are  so  varied  and  intricate,  and  the  assumptions 
upon  which  any  theory  must  be  based  are  in  general  so  different  from 
conditions  in  practice,  that  any  deduction  can  hardly  be  considered 
other  than  a  general  guide  to  exjjerimentation. 

That  this  subject  has  been  overlooked  by  previous  writers  upon 
hydromechanics,  however,  as  stated  by  the  author,  can  hardly  be 
reconciled  by  one  who  has  read  the  masterly  paper  by  William  Caw- 
thorne  Unwm,  M.   Inst.    C.  E.,  entitled  "The  Centrifugal  Pump."* 

From  a  comparison  between  the  two  theories  advanced  by  these 
authors,  it  appears  that,  beyond  the  preliminary  principles  of  the 
Bernoulli  theorem,  there  seems  to  be  little  in  common  ;  but  this,  as 
intimated,  is  due  principally  to  the  difference  in  the  preliminary 
assumptions.  In  Mr.  Harris'  analysis  a  radial  prism  of  liquid  upon 
the  rotating  wheel  of  unit  area  subject  to  ptirely  centrifugal  force  is 
*  Minutes  of  Proceedings,  Inst.  C.  E.,  Vol.  LIII,  1877-78. 
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assumed,  and  an  equation  is  deduced   for   tlie   pressure  at  the   outer  Mr.  Horton 
radius  of  the    wheel.     Flow   is   next   assumed  to  take  place,  and  an 
equation  is  deduced  for  velocities  of  flow  through  the  wheel,  in  terms 
of  this  jjressure  head.     A  final  equation  is  deduced  for  the  total  head 
on  the  wheel,  as  follows  : 

j-j-       v^  -\-  u  cos. 

£1   = 

g 

This  equation  is  surely  a  simple  one,  but  the  assumptions  are  surely 
very  far  from  the  real  conditions  of  flow  within  the  pump,  and,  as  Mr. 
Venable  has  pointed  out,  the  equation  for  flow  corresponding  to  the 
pressure  head  is  that  corresponding  to  a  free  discharge  against  no 
external  j^ressure. 

In  Unwin's  analysis,  on  the  contrary,  no  conditions  are  assumed 
regarding  the  action  of  the  water  within  the  wheel,  other  than  what 
take  place  in  actual  practice.  Instead  of  assuming  a  prism  of  water 
of  uniform  area  and  velocity,  the  column  of  water,  as  it  actually 
moves  through  the  wheel,  with  its  changing  sections  and  changing 
radial  velocities,  is  considered,  and,  in  terms  of  these  variable  elements, 
formulas  are  dediiced  for  various  portions  of  the  wheel.  Thus,  for 
the  case  of  a  pump  with  a  spiral  casing,  the  following  equation  for 
the  total  head  is  given  : 

„  _  F/  —  V^       u^  cosee.^  <p      u{  cosec."  0 

F;.  »,cot.  e  —  rifaoj}  S 

g 

In  this  equation: 
H  =  Theoretical  lift,  as  measured  from  the  inlet  of  the  pump  to  the 

discharge  from  the  volute; 
Fj  =  Velocity  of  rotation  of  the  wheel  at  the  inner  radius; 
F„  =  Velocity  of  rotation  of  the  wheel  at  the  outer  radius; 
Ui  =  Kadial  velocity  of  water  at  the  inner  radius  of  the  wheel ; 


2  Tt  Vj  d;  —  n  dj  t  cosec.  & 
Ug  =  Badial  velocity  of  the  water  at  the  outer  radius  of  the  wheel; 


2  n  r„  d„  —  n  d„  t  cosec.  Q 
0  =  Angle  which   wheel  vanes  make   with   inner   circumference   of 

wheel; 
(p  =  Angle   which   wheel  vanes   make   with   outer   circumference  of 

wheel ; 
F,  =  Velocity  of  water  in  volute  chamber; 
Q  =:  Discharge  of  pump  per  second; 
r^  =  Radius  of  inner  edge  of  wheel; 
r„  =  Badius  of  outer  edge  of  wheel; 
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Mr.  Horton.    d.^  -—  Depth  of  vanes  at  inner  edge  of  wheel; 
d,,  =  Depth  of  vanes  at  outer  edge  of  wheel; 
t  =  Thickness  of  vanes; 
n  =  Number  of  vanes  in  pump  disc. 
This  equation,  at  first  glance,   seems  to  be  somewhat  formidable, 
and  it  is  reassuring,  indeed,  to  note  that  in  practice  the  third  term  on 
the  right  vanishes,  and, unless  the  casing  is  badly  designed,  the  fourth 
term  mav  usually  be  neglected.     In    its   simple   form,    however,  the 
equation  may  be  considered  complete,  and,    in   the   opinion  of  the 
writer,  it  is  a  true  exjjression  for  the  forces  which  act  within  the  pump. 
The  concluding  remarks  of  Mx.    Unwin,  though  based  as  they  were 
upon  experience  and  experiments  in  the  early  stage  of  development  of 
this  class  of  pumps,  lends  even  more  confidence  to  the  truth  of  his 
analysis,  and  are  worthy  of  presentation  here.     He  concluded  as  fol- 
lows: 

"There  appears  reason  to  expect  considerable  advantage  from 
the  use  of  a  whirlpool  chamber  in  centrifugal  jjumi^s;  and  it  is  ex- 
tremely desirable  that  experiments  should  be  made  on  jDumps  so 
constructed.  If  such  experiments  are  undertaken,  it  is  of  primary 
importance  to  design  the  whirlpool  chamber  in  such  a  way  as  to  pre- 
vent irregular  and  edslying  motion.  If  that  cannot  be  done,  guide- 
blades  must  be  used.  But  guide-blades  are  not  only  an  additional 
complication  in  the  construction  of  the  pump,  but  when  fixed  they 
are  exactly  adapted  to  only  one  discharge,  and  if  movable,  they  require 
complicated  arrangements  for  moving  them. 

"In  Plate  13,  sections  have  been  shown  of  three  types  of  pump  of 
the  varieties  discussed  in  this  paper.  The  German  pump,  with  a 
spiral  casing,  nearly  corresponds  to  the  second  type.  The  other  two 
are  pumps  with  whirlpool  chambers.  One  of  these  is  of  a  form  ori- 
ginally designed,  the  author  believes,  by  Professor  James  Thomson; 
and  pumjjs  of  this  kind  were  constructed  under  the  author's  superin- 
tendence many  years  ago.  The  other  pump  is  the  pump  on  which  M. 
Decoeur  experimented,  as  mentioned  above.  Neither  of  these  corre- 
sjjonds  exactly  with  what,  in  the  author's  opinion,  is  likely  to  jjrove 
the  best  form.  Such  a  jnimp  shoiild,  the  author  believes,  fulfil  the 
following  conditions: 

"  (1)  The  inner  angle  of  the  vanes  should  correspond  to  the 
direction  of  the  relative  motion  of  the  water  with  the  nor- 
mal discharge. 

"  (2)  The  outer  angle  of  the  vanes  should  be  moderately  large, 
say  from  30-  to  45^.  This  would  insiire  a  more  moderate 
speed  of  the  pump,  a  smaller  piimp  for  a  given  discharge, 
and  a  more  rapid  increase  of  discharge  with  increase  of 
speed. 

"(3)  A  moderately  large  whirlpool  chamber  to  utilize  the  en- 
ergy of  motion  of  the  water  discharged  from  the  pump 
disc. 

"  (4)  A  suitably  proportioned  spiral  discharge  chamber. 

"  (5)  The  passage  between  the  whirlpool  and  discharge  cham- 
ber should  be  so  accurately  proportioned  as  to  secure,  as 
far  as  possible,  a  uniform  flow  all  round  from  the  whirl- 
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pool  chamber  into  the  discharge  chamber.     If  this  passage  Mr.  Horton. 

is  of  varying  section,  the  regular  motion  in  the  whirlpool 

chamber  would  more  or  less  be  broken  up. 
"  When  the  highest  efficiency  is  not  required,  then  a  pump  with  a 
spiral  chamber  of  the  best  proportions,  as  defined  above,  would  be 
more  compact,  and  should  give  fairly  good  results.  In  that  case, 
probably  S  might  be  advantageously  made  somewhat  smaller  than 
the  values  given  above;  but  an  extremely  small  angle  is  probably 
disadvantageous. 

"  Whether  these  views  as  to  the  best  type  of  pump  are  adopted  or 
not,  the  author  hopes  that  the  formulae  for  the  speed  and  efficiency  of 
pumps  which  have  been  obtained  may  be  of  use.  It  still  remains  to 
discuss  the  influence  of  friction  on  the  efficiency  and  speed  of  the 
pump,  and  to  this  subject  the  author  hopes  at  some  future  time  to  re- 
tarn.  It  only  remains  to  express  his  sense  of  the  great  value  of  the 
exj)eriments  carried  out  by  Mr.  Parsons,  the  results  of  which  have 
been  so  frequently  quoted  in  this  paper.  Without  the  confirmation 
of  theoretical  results  by  the  data  thus  furnished  the  author  would 
hardly  have  ventured  to  publish  this  paper." 

Turning  now  to  the  more  practical  consideration  of  the  subject,  the 
writer,  not  long  ago,  had  an  opportunity  of  making  studies,  regarding 
the  action  of  centrifugal  pumps,  which  may  be  of  interest,  as  they  in- 
volved some  points  relating  to  practical  design.  At  that  time  he  was 
connected  with  the  Metropolitan  Sewerage  Commission,  of  Boston, 
Mass.,  and,  under  the  direction  of  William  M.  Brown,  M.  Am.  Soc. 
C  E.,  Chief  Engineer  of  the  Commission,  was  in  charge  of  the 
official  tests  of  the  additional  centrifugal  pumping  plants  then  being 
installed  at  the  four  pumping  stations  of  the  sewerage  system. 

The  pumping  engines  at  three  of  these  stations  were  of  the  same 
make  and  capacity,  but  operating  under  difl'erent  heads.  Each  was  a 
triple-expansion  horizontal  engine  driving  a  vertical  shaft  to  which 
was  directly  connected  the  centrifugal  jDump.  The  pumps  had  a 
nominal  capacity  of  60  000  000  galls,  per  day,  were  relatively  of  large 
diameter  and  had  ample  water  passages.  As  might  be  expected  with  ■ 
pumps  of  this  type,  there  was  little  trouble  in  attaining  the  required 
duty,  which,  as  the  writer  remembers  it,  was  about  80  000  000,  a 
figure  which  compares  favorably  with  duties  obtained  from  pumps  of 
the  piston  type.  The  foiirth  pumping  engine,  however,  was  of  very 
different  design,  operating  under  different  conditions,  and  since  this 
plant  was  unaccepted  for  a  long  period,  during  which  many  altera- 
tions were  made,  it  will  be  described  more  in  detail. 

The  contract  called  for  a  pump,  having  a  capacity  of  13  000  000  galls. , 
capable  of  developing  50  000  000  duty  under  a  head  of  13  ft.,  meas- 
ured between  water  levels  in  the  suction  well  and  discharge  sewer. 
The  machine  offered  was  a  pump  operating  on  the  center  of  a  hori- 
zontal shaft  driven  by  a  vertical,  cross-comiDound,  slide-valve  engine, 
with  cyhnders  at  the  two  ends  of  the  shaft.  The  pump,  itself,  in  the 
writer's  opinion,  was  well  designed,  the  wheel,  disc  chamber  and  cas- 
ing being  worked  out  most  carefully  on  theoretical  lines,   and  com- 
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Mr.  Horton.  pared  with  many  successful  wheels  already  built.  The  cylinders  were 
of  a  good  design  for  engines  of  this  class,  having  an  adjustable  cut-off 
on  the  high-pressure  cylinder.  The  clearance  was  too  large  for  good 
economy,  but  this,  it  was  claimed,  was  an  inherent  fault  due  to  the 
type  of  valve  motion.  The  i^umi^  was  to  be  operated  under  a  suction 
lift  of  some  8  or  9  ft.,  and  the  passages  leading  to  and  from  the  pump 
were  somewhat  contracted. 

On  its  first  trial,  the  pump  failed  to  develop  even  approximately 
the  required  duty,  although  the  capacity  was  nearly  reached.  This 
resiilted  in  a  long  series  of  tests  and  changes,  which  were  both  inter- 
esting and  instructive.  The  first  stej)  was  to  establish  a  curve  of 
efficiency  under  a  constant  lift.  This  was  obtained  by  running 
efficiency  tests  under  different  rates  of  discharge.  The  rates  of 
discharge  were  obtained  from  gauge  readings  in  the  station  which 
registered  the  depths  in  the  discharge  sewer,  the  latter  having  been 
rated  j^reviously  by  means  of  cui-rent  meter  measurements.  This 
efficiency  curve  showed  that  the  maximum  efficiency,  and  consequently 
the  maximum  duty,  was  attained  when  the  rate  of  discharge  reached 
10  000  000  galls.,  and  then  dropped  off,  at  first  gradually  and  afterward 
quite  rapidly,  so  that,  when  the  contract  capacity  of  13  000  000  galls, 
was  reached,  the  efficiency  and  duty  were  quite  low. 

This  indicated  that  the  capacity  of  the  pump  was  insufficient,  or 
that  the  suction  and  discharge  passages  Avere  too  small.  In  the  hoi3e 
of  increasing  the  capacity  of  the  pump,  extensions  to  the  blades  were 
made  by  bolting  on  small  plates  of  the  proper  thickness  and  curvature. 
This  resulted  in  no  improvement,  and  they  were  finally  taken  off. 

The  next  step  was  to  place  pressure  and  vacuum  gauges  at  various 
points  on  the  wheel,  casing,  volute,  and  suction  and  discharge 
passages,  and  tests  were  then  run  under  various  speeds,  to  determine 
where  there  might  be  excessive  losses.  These  tests  were  very  useful, 
and  soon  showed  that  there  were  no  undue  losses  within  the  pump 
casing,  but  some  excessive  losses  in  the  suction  pijae.  By  substituting 
a  trumpet-shaped  entrance  pipe,  and  enlarging  its  diameter  at  the 
same  time,  and  by  substituting  a  larger  curve  at  a  right-angle  bend, 
these  losses  were  reduced  materially. 

Attention  was  then  turned  to  the  steam  end.  A  calorimeter  first 
showed  that  the  steam  contained  but  a  fraction  more  than  1%  of 
moisture,  which  was  hardly  considered  serious.  The  cards  from  both 
cylinders  were  almost  ideal,  except  during  one  or  two  tests,  when  the 
piston  rod  or  plunger  was  found  to  leak  steam.  At  the  boiler  end, 
the  flue  gases  were  analyzed,  and  it  was  found  that  under  normal  con- 
ditions the  combustion  was  quite  complete.  The  gases  left  the  main 
flue  at  a  somewhat  high  temperature,  and  this,  notwithstanding  that  a 
feed-water  coil  was  installed  just  back  of  the  main  damper.  In  the 
hope  of  reducing  the  temperature  of  the  escaping  flue  gases,  18-in. 
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bafflers  were  thea  introduced  iuto  the  fire  tubes,  but  with  no  avail,  as  Mr.  Horton. 
might  have  been  expected,  since  they  merely  retarded  the  velocity  of 
the  gases  of  combustion   and,  consequently,  reduced  the   supply  of 
heat. 

Some  twenty  tests,  in  all,  were  made  with  this  plant,  and  it  seemed 
as  though  nearly  every  means  had  been  tried  to  locate  any  defects  and 
to  make  corresponding  changes  to  remedy  them.  On  the  whole,  the 
pump  itself  was  of  ample  design.  The  passages  to  and  from  the 
pump  were  too  small,  and  were  remediable  only  to  a  degree,  as  a  por- 
tion of  the  suction  pipe  was  cast  with  the  pump  casing.  The  cylinders 
were  of  proper  dimensions,  but  the  clearance  spaces  were  too  large, 
and  resulted  in  an  extravagant  waste  of  steam,  aggravated  also  by  high 
piston  speed.  In  fact,  not  until,  m  addition  to  the  many  other 
changes,  these  cylinders  were  replaced  by  new  ones  having  different 
valve  motion  and  less  clearance  did  this  pump  finally  fulfill  its 
requirements. 

Among  the  points  which  impressed  the  writer  during  his  studies  in 
connection  with  this  pump,  in  regard  to,  not  only  the  design,  but  also 
the  testing  of  jaumps,  might  be  mentioned  the  following: 

1. — For  high  efficiency,  and  consequently  duty,  the  lower  the 
velocity  should  be — low  not  only  in  the  pump,  but  in  the  suction  and 
discharge  passages. 

2. — That,  as  far  as  the  efficiency  of  a  wheel  is  concerned,  there 
may  be  allowed,  within  certain  limits,  some  latitude  as  to  the  radii  of 
curvature  of  the  vanes  and  their  angles  with  the  inner  and  outer  cir- 
cumferences of  the  wheel;  the  result  of  changes  in  these  elements  being 
to  increase  or  diminish  the  rate  of  speed  for  the  point  of  maximum 
efficiency  for  a  wheel  of  any  given  diameter. 

3. — -That,  for  a  given  rate  of  discharge,  the  larger  the  wheel,  the 
slower  the  velocities  and  the  less  the  losses  within  the  wheel. 

4.  — That,  in  specifications  concerning  the  testing  of  pumps,  it  should 
be  stated  most  clearly  just  what  constitutes  the  working  lift  and  just 
how  it  should  be  measured;  that  is,  whether  the  head  is  dynamic  or 
static,  and  between  what  points  in  the  suction  or  discharge  passages  it 
should  be  measured. 

5. — In  order  to  afford  a  more  uniform  comparison  between  tests 
of  different  pumping  jjlants,  it  is  better  to  measure  the  lift  between 
points  on  the  suction  and  discharge  as  near  the  pump  as  practicable. 

6. — As  the  curves  of  efficiency  and  duty,  with  constant  lift,  and  in 
terms  of  the  rate  of  discharge,  are  such  that  the  maximum  points  are 
at  a  rate  of  discharge  much  below  the  maximum  capacity  of  the 
pump,  it  follows,  that,  in  order  to  obtain  high  efficiencies  and  du- 
ties for  specified  rates  of  delivery,  there  will  be  necessarily  a  spare 
capacity  beyond  these  rates  which  may  be  available  at  a  relatively 
lower  efficiency  and  duty. 
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Mr.  Horton.  7. — It  follows,  from  the  previous  paragrajih,  that  in  drawing  speci- 
fications, esi^ecially  for  sewage  pumps,  it  might  be  more  economical 
to  specify  that  the  pump  shall  have  a  certain  capacity  according  to 
the  maximum  work  required,  but  that  the  required  duty  and  efficiency 
shall  be  for  a  lower  rate  of  discharge.  The  pump  will  then  not  be  too 
large,  and  the  higher  efficiencies  will  be  realized  for  normal  working 
conditions. 
Mr.  Harris.  Elmo  G.  Harbis,  M.  Am.  Soc.  C.  E.  (by  letter).— For  several  years 
the  writer  has  devoted  most  of  his  leisure  hours  to  studies  in  hydro- 
mechanics, and,  if  he  has  learned  anything  well,  it  is  that  it  is  not 
safe  to  jump  at  conclusions,  especially  if  the  problem  involves  water 
and  air  mixed. 

If  Mr.  Venable  had  read  the  paper  more  carefully  he  probably 
■would  not  have  said  that  the  conclusions  were  "  entirely  erroneous," 
and  would  not  have  misapplied  Equation  7  at  the  outset.  That  equa- 
tion ai3plies  only  when  the  discharge  is  into  a  medium  in  which  the 
pressure  is  the  same  as  that  in  the  fluid  before  entering  the  wheel — a 
condition  specified  carefully  in  deriving  Equation  /.  Equation  VI 
would  have  been  appropriate  to  this  case  if  the  data  had  been 
reliable. 

The  writer  regretted  to  submit  the  paper  without  a  more  satisfac- 
tory means  of  predicting  the  discharge  of  a  centrifugal  (or  turbine) 
pump.  An  examination  of  the  analyses  will  show  that  this  depends 
(among  other  things)  on  the  joressure,  jh  at  the  line  of  discharge;  and 
this,  in  the  present  state  of  our  knowledge,  cannot  be  predicted 
accurately.  Several  times  in  the  paper  mention  is  made  of  the  need 
of  experimental  data  concerning  p.  In  the  directions  for  testing,  this 
is  made  prominent.  The  difficulty  of  predicting  the  discharge  was 
one  of  the  writer's  reasons  for  proposing  a  pump  with  an  adjustable 
discharge. 

Mr.  Mayer  states  that  the  paper  "  is  marred  by  incorrect  theories 
as  to  the  vanes  and  the  factors  governing  the  discharge."  The 
writer  looks  in  vain  for  Mr.  Mayer  to  clear  up  the  difficulty  in 
predicting  the  discharge.  He  objects  to  the  conclusions  relative 
to  the  eff'ect  of  depth  of  the  stream  of  water  on  a  vane  acting  im- 
pulsively, as  illustrated  by  Fig.  20,  and  off'ers  a  demonstration  of 
his  statement  that  "  the  opjiosite  is  true. "  It  is  the  writer's  ojiinion 
that  Mr.  Mayer  has  erroneously  assumed  that  Bernoiilli's  theorem 
(that  pressure  head  -}-  velocity  head  =  a  constant)  applies  to  this 
case  where  energy  is  being  imparted' to  the  water  by  some  exterior 
force  every  instant  of  its  passage  over  the  vane.  His  argument  would 
lead  to  the  conclusion  that  water  flowing  over  a  weir  would  have  a 
greater  velocity  in  the  top  film  than  in  the  bottom.  He  makes  the 
same  assumjition  m  his  discussion  on  the  proper  curvature  of  vanes 
(page  234),  and  seems  to  fall  into  a  further  error  concerning  centrifugal 
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force:  He  uses  relative  velocity  and  the  radius  of  a  moving  vane  in  a  Mr.  Harris, 
formula  for  centrifugal  pressure.  It  is  quite  possible  to  give  the 
curved  vanes  such  a  motion  that  the  water  will  pass  between  them  in 
a  straight  line  (the  absolute  path),  neither  giving  out  nor  receiving 
energy,  and  yet  with  the  same  T^and  c  used  in  Mr.  Mayer's  formula. 
Centrifugal  force  developed  by  a  fluid  depends  on  the  curve  and 
velocity  of  its  absolute  motion.  Similar  mistakes  can  be  found  in 
textbooks  on  hydraulic  motors. 

In  Mr.  Mayer's  discussion  of  the  radial  depths  of  the  vanes  of  axial- 
flow  pumps  (page  237)  he  is  in  error  in  multiplying  the  first  two  heads 
(21.28  and  37.85)  by  two  to  get  the  effect  of  the  second  pair  of  vanes. 
Note  that  the  stationary  vanes  intervening  check  the  velocity,  and,  in 
the  second  set  of  moving  vanes,  the  action  in  the  first  is  repeated. 
Hence,  the  greatest  difference  of  head  is  16.57,  instead  of  33.14.  How- 
ever, this  difference  occurs  twice.  It  should  be  noted  that,  theoreti- 
cally, the  vane  could  be  so  curved  that  this  difference  of  head  at  the 
discharge  line  would  not  occur.  This  is  evident  in  the  formula: 
^--        M^  4-  u  V  cos.  /S 

The  angle,  fi,  gives  the  means  of  controlling  H. 

Mr.  Mayer  condemns  the  proposed  adjustable  discharge.  In 
defence,  let  it  be  remembered  that  the  lift  varies  with  the  square  of  the 
speed,  u;  evidently,  then,  with  any  regard  for  efficiency,  no  attempt 
to  control  the  discharge  under  constant  head  should  be  made  by  vary- 
ing the  speed.  The  proposition  to  put  a  throttle  in  the  discharge 
pipe  would  be  correct  in  the  common  forms  of  jsumps,  in  which  prac- 
tically all  the  velocity  head  in  the  discharging  water  is  lost;  but,  in 
designing  to  utilize  that  velocity  head,  it  will  be  quite  different. 

To  illustrate:  Assume  the  peripheral  velocity,  u,  of  the  runner,  in 
Fig.  26,  to  be  40  ft.  per  second;  then  the  centrifugal  head  would  be 

X —  =  25,  and  the  velocitv  head   would   be   the   same,  giving  a  total 
2  g 

theoretic  head  of  50  ft.     If  the  nozzles  to  receive  this  discharge  are 

designed  properly  the  water  will  all  move  with  velocity,  w,  until  it 

passes  through  the  throat,  e  e,  after  which  it  should  be  possible  to 

convert  most  of  its  velocity  head  into  pressure  head.     Now  assume 

the  discharge  reduced  to  one-half,  without  changing  n,  or  the  area  of 

the  orifice,  e  e.     The  centrifugal  head  will  remain  -^ —  =  25,  as  be- 

2  ry         . 

fore,  but  the  velocity  through  e  e  will  be  only  20,  and  the  pressure  there 
cannot  exceed  the  centrifugal  head.   Hence,  there  is  now  no  possibility 

-  90^ 

of  getting  a  greater  head  than  — —  -f  =  31^.     The  loss  would  be 

due  to  the  drag  of  the  water  moving  with  high  velocity,  v,  in  contact 
with  that  moving  with  low  velocity.     The  writer  is  confident  that  the 
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Mr.  Harris,  highest  develojjment  of  centrifugal  pumps  will  show  the  discharge  to 
be  adjustable. 

Mr.  Mayer's  conclusions  are  rather  sweeping  condemnations  of  the 
paper.  Several  of  his  objections  have  been  answered  in  such  a  way 
that  evidently  either  he  or  the  writer  has  jumped  at  conclusions. 

To  Mr.  Horton's  objection,  that  the  analyses  in  the  pajjer  are  based 
on  questionable  assumptions  about  the  conditions  inside  the  pumja, 
reference  is  made  to  the  "  Independent  Derivation  of  Chief  Formulas  " 
(page  175). 

In  closing  this  discussion,  the  writer  wishes  to  express  regret  that 
the  paper  has  not  brought  out,  through  the  discussions,  more  reliable 
data  by  which  the  theories  and  formulas  could  be  tested,  and  from 
which  the  corrections  and  coefficients  could  be  gotten  that  would 
adapt  the  formulas  to  conditions  of  practice.  From  interviews  with 
several  of  the  foremost  establishments  making  centrifugal  pumps,  the 
writer  is  confident  that  such  data  are  in  existence,  and  regrets  that 
they  are  not  available;  but  he  cannot  complain,  for  such  experiments 
are  costly,  and  manufacturers  do  not  undertake  them  for  the  benefit  of 
the  public.  There  is  here  an  opportunity  for  engineering  schools 
with  well-endowed  hydraulic  laboi'atories  to  do  the  public  a  service; 
and,  in  passing,  it  may  be  added  that  what  has  just  been  said  applies 
also  to  the  air-lift  pump. 
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Before  proceeding  to  the  presentation  and  discussion  of  the  exiDeri- 
mental  data  upon  which  this  paper  is  based,  it  may  be  of  interest  to 
describe  briefly  the  reasons  which  have  led  the  writers  to  make  the 
treatment  as  broad  as  the  title  indicates. 

As  graduate  students  in  Cornell  University,  the  writers  had  been 
associated  in  experimental  hydraulics  for  a  year  and  a  half  before 
the  investigations  to  be  described  were  begun.  During  that  time 
they  had  experienced  a  number  of  surprises  in  an  investigation  on 
the  effect  of  curvature  on  the  flow  of  water  in  pipes, f  and  the 
necessity  of  refraining  from  jumping  at  conclusions,  with  little  or  no 
experimental  evidence,  had  impressed  them  more  and  more  as  the 
work  advanced. 

In  1900,  Gardner  S.  Williams,   M.   Am.    Soc.   C.  E.,   Engineer  in 

Charge   of   the    Hydraulic   Laboratory  of  Cornell  University,  made 

*  Presented  at  the  meeting  of  September  2d,  1903. 
t  Transactions,  Am.  Soc.  C.  E.,  Vol.  XLVII,  p.  29.5. 
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an  investigation,*  from  which  one  of  the  most  interesting  conclu- 
sions drawn  was  that  the  jjower  of  the  velocity,  with  which  the  loss 
of  head  in  water-pipes  varies,  is  dependent  on  the  diameter  of  the 
pipe,  being  about  1  for  very  small  tubes  and  increasing  to  about  2 
for  large  pipes  such  as  used  ordinarily  in  the  practice  of  the  civil 
engineer. 

For  jjiijes  below  ^  in.  in  diameter,  the  value  seemed  to  drop 
rapidly,  while  for  pipes  above  that  diameter  the  plotting  showed  a 
very  gradual  rise.  However,  the  experimental  results  in  the  region 
where  the  most  rapid  change  in  the  power  seemed  to  occur  were  too 
few  to  give  that  feeling  of  entire  confidence  which  is  evident  in  the  case 
of  most  of  the  commonly  accepted  laws  of  Nature.  The  desirability 
of  further  evidence  was  first  pointed  out  to  the  writers  by  Professor 
Williams,  and  it  is  due  to  his  interest  in  the  matter,  and  to  the  true 
university  spirit  displayed  by  the  College  of  Civil  Engineering  of 
Cornell  University,  that  the  writers  were  enabled  to  undertake  experi- 
ments which,  whatever  their  final  aim  became,  had,  as  their  primary 
object,  the  determination  of  the  law  governing  the  flow  of  water  in 
small  pipes. 

The  writers  entered  upon  the  investigation  Avith  the  feeling  that 
the  small  sizes  of  the  pipes  to  be  experimented  upon  would  in  no  re- 
spect vitiate  the  results,  from  an  engineering  point  of  view.  As  will 
be  shown  later,  the  nature  of  the  apparatus  and  the  method  of  ex- 
perimentation were  to  be  such  as  to  secure  a  high  degree  of  accuracy 
in  all  the  measurements.  The  writers,  in  their  studies  on  the  efi'ect 
of  curvature,  had  reached  the  conclusion  that,  in  the  manner  of 
flow,  there  is  practically  no  diflerence  between  a  2-in.  and  a  30-in. 
pipe.  They  expected,  therefore,  that  much  might  be  learned  from 
the  results  of  a  comprehensive  set  of  experiments  on  small  jjipes. 

In  addition  to  whatever  light  might  be  thrown  upon  the  general 

subject  of  the  flow  of  water  in  pipes,    as  ordinarily  understood,  the 

writers  saw  here  an  excellent  opportunity  to  pursue  their  studies  on 

the  effect  of  the  temperature  of  the  water  upon  the  loss  of  head,  and 

hence  uj)on  the  discharging  capacity  of  jaipes.     The  accepted  idea  in 

this  matter  is  that  the  effect  is  negligible  in  pijies  of  commercial  size. 

The  writers  had  been  led  to  question  this,  from  their  work  on  a  2-in. 

pipe,t  and  they  saw  in  the  experiments  to  be  described  a  means  of 

*  Journal  of  the  Association  of  Engineering  Societies,  Vol.  XXVI  (Mar.,  1901),  p.  185. 
t  Transactions,  Am.  Soc.  C.  E.,  Vol.  XLVII.  p.  313. 
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forming  an  idea  concerning,  or  even  of  predicting,  the  effect  in  large 
pijjes. 

Soon  after  beginning  the  experiments  it  was  found  that  the  power 
of  the  velocity,  with  which  the  loss  of  head  varies,  remained  almost  con- 
stant for  the  fifteen  pipes  of  different  sizes,  but  all  of  the  same  material 
(seamless-drawn  brass);  or,  in  the  formula, 

H=inV'\ 
where  H  is  the  loss  of  head  and  V  the  mean  velocity  of  the  water  in 
the  pipe,  the  value  of  n  was  found  to  remain  nearly  constant  for  all 
the  pipes.  This  somewhat  astonishing  fact  appeared  at  first  to  be 
irreconcilable  with  the  results  of  the  investigation  by  Professor 
Williams;  but,  fortunately,  the  writers'  experiments  covered  a  con- 
sidei'able  range  of  velocities,  and  it  was  soon  found  that  the  group  of 
experiments  on  small  brass  and  glass  pipes  (by  Jacobson),  upon  the 
indications  of  which  Professor  Williams,  with  considerable  justifica- 
tion, had  placed  great  confidence,  were  all  made  with  velocities  below 
the  "critical  velocity,"  in  which  region  the  value  of  n  is  about  1. 
Hence  the  x-esults  were  not  comparable  with  results  of  experiments 
made  under  ordinary,  or  "above  critical  velocity,"  flow.  This  phe- 
nomenon will  be  discussed  more  fully  later. 

The  fact  that  the  value  of  the  exponent  of  V  Avas  found  to  be 
almost  constant  for  pipes  ranging  from  ^L  in.  to  2  ins.  in  diameter 
Avould  have  been  sufficient  of  itself  to  warrant  an  investigation  into 
the  indications  of  reliable  experiments  on  large,  smooth  pipes;  for  the 
smallest  of  these  sizes  bears  the  same  relation  to  the  largest  as  a  2-in. 
pipe  bears  to  a  40-in.  main  (see  Fig.  1,  Plate  VII).  If  this  were 
the  only  argument  for  entering  on  such  a  study,  the  writers  feel  that 
they  would  well  deserve  the  flood  of  criticism  which  is  ever  threaten- 
ing those  venturous  persons  who  presume  to  affirm  that  the  same  laws 
of  Nature  control  the  flow  of  water  in  the  smallest  pipes  in  the  labora- 
tory and  in  the  largest  supply  mains  running  over  hill  and  dale.  In 
this  paper  it  is  aimed  to  jjresent  a  few  additional  arguments  which' 
may  serve  to  make  such  an  affirmation  ajii^ear  a  little  less  ridiculous 
than  heretofore. 

After  the  experiments  had  progressed  far  enough,  and  several  dif- 
ferent temperatures  of  water  had  been  experimented  upon  for  each  of 
the  pipes,  it  became  evident  that  there  is  nothing  to  support  the 
notion  that  the  effect  of  temperature  is  negligible  in  large,  smooth 
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pipes.  In  fact,  the  indications  were  found  to  iioint  to  such  a  consid- 
erable efiect  on  pipes  of  large  size  that  the  limits  of  error  which  most 
hydraulic  engineers  would  assign  to  the  best  formulas  in  use  (all  of 
which  neglect  temi^erature  effect)  are  exceeded  several  times  over, 
owing  to  the  temperature  factor  d.lone. 

The  results  of  the  brass-pipe  experiments  showed  such  harmonious 
relations  that  the  writers  were  led  to  undertake  some  experiments  on 
pipes  w^hich  were  less  ideal  and  more  isractical.  For  this  purpose  five 
galvanized-iron  pipes,  ranging  from  |  in.  to  1  in.,  commercial  sizes, 
were  chosen.  While  these  experiments  were  conducted  with  the  same 
care  and  jirecision  as  those  on  the  brass  pipes,  and  while  each  pipe  by 
itself  gave  a  consistent  set  of  results,  yet,  between  these  results  for 
the  different  ])ipes,  there  was  a  surjirising  lack  of  haimony,  if  it  be 
assumed  that  all  pipes  were  of  the  same  degree  of  roughness.  In 
short,  the  value  of  n,  the  exponent  of  V,  in  the  formiila,  H  —  m  V", 
was  found  to  vary  so  much  for  pipes  nominally  and  apparently  of  the 
same  kind  that  the  writers  saw  here  a  consideration  which  might 
throw  considerable  light  on  the  vagaries  of  the  much-discussed, 
recorded  jaipe-experiments  of  modern  and  ancient  times. 

It  may  be  well  at  this  j^oint  to  give  a  few  reasons  why  the  formula 
H  =  m  F"  is  used.  In  the  first  place,  the  very  fact  that  in  the  Chezy 
formula,  V  =  C\/  r  s,  or,  in  the  familiar  textbook  form  ula, 

the  values  of  C  and  /  are  different  for  different  velocities,  shows  that 
the  power  is  something  other  than  2,  if  there  is,  indeed,  any  exponen- 
tial law  which  is  applicable.*  And  the  writers  venture  to  say  that, 
up  to  the  present  time,  there  has  not  been  evolved  any  theory  which 
will  assist  in  answering  this  question. 

To  be  sure,  there  seems  to  be  a  more  or  less  firmly  grounded  notion 
among  some  hydraulicians  that  the  laws  of  gravity  decree  that  the 
hydraulic  slope  or  the  loss  of  head  must  vary  as  the  square  of  the 
velocity.  The  fallacy  of  this  has  been  shown  very  clearly  by  Professor 
I.  P.  Church, t  Assoc.  Am.  Soc.  C.  E. ,  who  emphasizes  the  fact  that 
the  question  concerns  primarily  the  relation  between  the  velocity  and 
the  resistances,   or   "  friction,"  and  through  this,  as  an  entirely  de- 

*  See  discussion  by  Allen  Hazen,  M.  Am.  Soc.  C.  E.,  in  Jownal  of  the  Association  of 
Engineering  Societies,  Vol.  XXVI  (1901),  p.  163. 
t  In  Engineering  Neivs,  Vol.  XL  VI,  p.  332. 
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pendent  matter,  the  relation  between  the  velocity  and  the  hydraulic 
slope.  An  illustration  may  make  the  jjoint  clearer:  It  is  quite  pos- 
sible, by  the  use  of  compressed  air,  to  maintain  a  high  velocity  in  a 
very  long  pipe  laid  on  an  absolutely  level  grade  with  just  enough  head 
of  water  at  the  entry  to  keep  the  pipe  full.  Now,  it  is  at  once  ap- 
parent that  the  law  of  a  falling  body  has  nothing  to  do  with  the  rela- 
tion existing  between  the  pressure  in  the  compressed-air  chamber  and 
the  velocity  of  the  water  in  the  pipe.  In  fact,  the  force  of  gravity 
alone,  in  this  case,  would  cause  no  flow  at  all. 

In  the  absence  of  any  theory,  the  only  thing  to  do  is  to  study  the 
indications  of  experiments  of  known  accuracy.  These  should  embrace 
a  wide  range  of  velocities  and  several  dififerent  degrees  of  roughness. 
The  records  of  many  such  experiments  have  been  before  the  engineer 
for  a  number  of  years,  as  have  been  also  the  records  of  investigations 
dealing  with  the  question  of  exponents  other  than  2  for  the  velocity, 
or  other  than  i  for  the  slope  and  the  diameter  (or  the  hydraulic 
radius).  Unfortunately,  the  formulas  with  fractional  exjsonents,  which 
have  been  proposed  from  time  to  time,  have  been  regarded  generally 
as  approximations,  little,  if  any,  closer  to  the  truth  than  the  standard 
Chezy  formula,  and  far  less  easy  to  apply.  In  fact,  some  engineers 
have  been  led  to  question  whether  or  not  water  flows  in  a  pipe 
according  to  any  definite  determinable  laws  whatsoever. 

Now,  the  writers  have  investigated,  by  the  method  of  logarithmic 
plotting  of  the  observed  losses  of  head  with  the  corresponding  veloci- 
ties, experiments  in  which  the  velocity  ranges  from  a  fraction  of  a 
foot  per  second  up  to  44  ft.  per  second.  Their  own  experiments, 
almost  eight  hundred  in  number,  and  including  twenty-three  kinds 
of  pipe  and  hose,  cover  a  range  of  velocity  from  ro  ft.  to  22  ft.  per 
second.  In  all  these  experiments,  and  especially  in  those  of  known 
accuracy  in  all  measurements,  the  logarithmic  plottings  yield  straight 
lines.  The  slopes  of  these  lines  difier  considerably  among  themselves, 
or,  in  other  words,  the  losses  of  head  vary  as  various  powers  of  the 
velocities,*  but,  whatever  the  slope  of  the  line,  each  pipe  ajjpears  to 
have  a  definite  law,  expressible  in  the  form. 

The  values  of  m  and  n  are  constant  for  a  given  pipe  in  a  given  con- 
dition for  all  velocities.     The  "coefficient  of  roughness"  is  entirely 
*  Transactions,  Am.  Soc.  C.  E.,  Vol.  XLIX,  p.  145. 
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provided  for  by  tliem.  These  aj^pear  to  be  scientific  facts,  and  the 
"writers  felt  that  they  had  no  choice  as  regards  the  formula  to  be 
used.  As  has  been  stated  already,  there  is  no  existing  theory  which 
is  applicable;  but  the  experimental  evidence  is  quite  conclusive. 

It  must  not  be  inferred,  from  what  has  been  stated,  that  the 
writers  are  opposed  to  the  Chezy  and  like  fonnulas,  or,  on  the  other 
hand,  that  they  uphold  the  forms  with  fractional  exponents  for 
l^ractical  uses;  but,  for  purposes  of  investigation,  it  would  be  most 
irrational  to  start  with  a  formula  which  is  known  to  be  only  an 
approximation,  especially  when  the  exact  formula  is  just  as  easy  to 
treat.  But,  after  such  an  investigation  is  completed,  on  the  actual 
showings  of  the  experiments,  it  will  be  easy  and  quite  j^roper  to  look 
for  api^roximate  forms  which  may  be  more  convenient  for  the  engi- 
neer to  use.  On  this  point,  however,  more  can  be  said,  and  to  better 
purpose,  after  the  presentation  of  the  exi^erimental  evidence. 

Enough  has  been  stated  to  indicate  that  the  scoj^e  of  the  investi- 
gation, as  planned  originally,  has  been  enlarged  considerably,  and 
for  such  reasons  that  the  writers  feel  that  the  whole  subject  of  the 
flow  of  water  in  pipes  may  be  considered  open  for  a  treatment  in  which 
the  aim  is  to  present  the  facts,  in  their  relations  to  one  another,  in  a 
thoroughly  rational  and  comprehensive  manner.  It  is  the  purpose, 
as  far  as  possible,  to  make  all  plottings  bird's-eye  views  of  the  whole 
subject,  so  that  the  experimental  results  may  show  at  a  glance  the 
probable  laws  which  too  often  have  been  obscured  by  misleading 
approximate  formulas,  and  unfortunate  attempts  to  make  the  results 
of  the  roughest  kind  of  measurements  fit  these  formulas.  In  the 
general  plotting,  many  results  of  such  rough  measurements  have  been 
included.  In  fact,  the  idea  has  been  to  consider  all  exjieriments  which 
are  on  record  in  any  recognized  source  of  information.  But  it  is 
believed  that  the  method  of  plotting  has  reduced  to  the  greatest 
possible  extent  the  question  of  individual  judgment,  and  has  allowed 
each  experimental  result  to  have  its  merited  influence  in  controlling 
the  final  conclusions. 

Desckiption  of  Apparatus. 

The  general  jalan  of  the  pipe  system  experimented  upon  is  shown 
in  Fig.  1.  The  j^ipes  were  located  in  the  basement  of  Lincoln  Hall, 
the  j)rincipal  building  of  the  College  of  Civil  Engineering,  Cornell 
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University.  The  system  was  fed  throtigli  tbe  5  and  2- in.  pipes.  The 
former  extended  from  an  equalizing  cylinder,  which  could  be  supplied 
either  from  a  tank  in  the  attic  (the  sujiply  to  which  was  controlled 
by  a  float-valve)  or  directly  from  the  camjius  mains.*  The  pressures 
in  the  cylinder,  under  static  conditions,  were  approximately  20  and 
30  lbs.,  from  the  attic  tank  and  the  main,  respectively. 

All  elbows,  tees  and  auxiliary  pipes  are  of  galvanized  iron  except 
the  i)lain  iron  steam-pij^e  header  from  which  extend  Pipes  VIII to  XIII 
and  a  pipe  feeding  Pipes  XIV,  XFand  XVI.  All  piezometric  fittings 
are  of  brass.  Experimental  Pipes  //  to  XVI  &re  of  seamless-drawn 
brass,  and  Pipes  XVIIio  XXI  are  of  ordinary  commercial,  galvanized- 
iron  stock.  The  fittings  on  all  the  pipes  except  Pipe  //f  are  described 
herein. 

Piezometric  Fittings.— The  individual  pipe  lengths  of  Pipes  ///  to 
XVI  are  connected  by  piezometric  couplings  of  special  design.  Each 
coupling  is  in  two  pieces  which  screw  together  in  such  a  way  that 
when  the  pipe  is  ready  for  experimentation  the  pressure  is  transmitted 
to  an  annular  chamber  through  a 
continuous  slit  or  break  in  the 
pipe  -ih)  in.  wide.  The  details  of 
the  construction  are  shown  in 
Fig.  2,  and  in  Fig.  1  of  Plate 
VII.  The  latter  is  from  a  pho- 
tograph of  piezometric  coup- 
lings on  Pipe  ///  and  Pipe  XVL 
and  shows  also  the  comjiarative 
sizes  of  these  two  pipes.  The 
lathe  work  inside  these  coup-  ] 
lings  IS  practically  perfect,  while  U — 
the  differences  between  the  in- 
side diameters  of  the  pipe  and 
the  coupling  where  the  faced  end  q 
of  the  pipe  screws  up  against  a 
shoulder  are  generally  not  more  * 
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*  The  cylinder  and  the  controlling  valves  are  shown  in  Fig.  119,  Transactions,  Ani. 
See.  C.  E.,  Vol.  XLVll,  p.  297.  The  cycloidal  mouthpieces  between  the  cylinder  and  the 
5-in.  pipe  and  between  the  latter  and  the2in.  pipe  are  described  on  p.  20  of  the  above- 
mentioned  volume,  and  al.so  on  p.  180  of  the  Journal  of  the  Association  of  Engi- 
neering Societies,  Vol.  XXVI,  1901,  while  Plate  25  in  the  latter  gives  a  longitudinal 
section  of  this  part  of  the  apparatus. 

t  The  piezometer  fittings  on  Pipe  //  have  been  illustrated  on  p.  17  and  in  Plate  IX, 
Fig.  1,  Transactions,  Am.  See.  C.  E.,  Vol.  XLVH. 
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than  TWO  in.,  or  the  smallest  amount  which  can  be  measured  accurately 
with  the  ordinary  micrometer  calij)ers.  (See  Table  No.  1.)  Before  the 
couplings  were  turned,  the  ends  of  all  the  pipes  had  been  measured  and 
the  pipes  matched.  All  threads  were  lathe-cut.  In  general,  the  pipes, 
when  set  up,  left  nothing  to  be  desired,  as  far  as  nearly  ideal  condi- 
tions are  concerned.  The  writers  feel  that  without  the  excellent 
machine-work  done  by  Mr.  0.  D.  Cass,  Mechanician  to  the  Hydraulic 
Laboratory,  the  value  of  the  experimental  accuracy  would  have  been 
very  small.  They  desire  to  acknowledge  their  indebtedness  to  Mr. 
Cass  for  his  accurate  and  conscientious  work. 

On  account  of  the  roughness  of  the  galvanized  pipes,  as  well  as  on 
account  of  the  variable  diameter,  it  was  deemed  best  to  avoid  any  form 
of  joint  at  the  point  where  the  pressure  was  to  be  taken  off.  Accord- 
ingly, four  ^-in.  holes,  90°  apart,  were  drilled. through  the  pipe  walls, 
3^  ins.  from  the  ends  of  each  experimental  length.  For  the  two 
smallest  pipes  the  holes  were  -^2  in.  in  diameter,  and  the  distance 
from  the  ends  was  2|  ins.  The  drill  passed  through  both  walls  of  the 
pipe  at  one  setting.  Thus,  only  two  of  the  four  holes  had  any  burr 
inside.  This  was  removed  carefully  with  a  rounded  file.  These  holes 
in  the  finished  piezometer  fitting  communicated  to  a  chamber  formed 
by  a  large  tee  slipped  over  the  pipe  and  provided  with  a  pair  of  brass 
bushings  at  each  end.  Between  these  bushings,  and  on  the  pipe,  some 
candle  wicking  soaked  with  tallow  was  wound.  When  the  smaller 
bushings  were  screwed  up,  the  fitting  was  water-tight.  A  photograph 
of  one  of  these  fittings  on  Pipe  XVIII  (|-in.  galvanized  iron)  is  shown 
in  Fig.  2,  Plate  VII.*  In  order  to  avoid  any  error  due  to  unequal 
diameters  at  the  piezometers,  all  the  experimental  lengths  were 
turned  end  for  end,  after  the  first  set  of  experiments  had  been  com- 
pleted, and  a  second  series  was  run  with  the  reversed  arrangement. 
In  this  way,  also,  the  efiect  of  any  slight  differences  in  the  conditions 
of  the  flow  at  the  two  piezometers  was  eliminated.  The  up-stream,  or 
entry,  length  of  pipe  was  connected  to  the  experimental  length  by  an 
ordinary  coupling.  The  ends  of  the  pipe,  however,  were  faced,  and 
the  threads  were  cut  so  that  a  butt  joint  was  secured,  avoiding  the 
disturbing  effect  of  the  usual  coujiling  on  wrought-iron  pipe  where 
the  ends  do  not  come  together. 

*  The  air-chamber  has  a  section  like  that  shown  on  p.  17,  Transactions,  Am.  See.  C. 
E.,  Vol.  XLVll. 
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Measurements  of  Diameters. —  From  the  ends  of  all  the  brass  and  gal- 
vanized-iron  pipes  there  were  cut  sample  rings  from  \  io  \  in.  long. 
Before  cutting  off  the  rings  in  the  lathe,  the  ends  of  the  pipe  were 
faced,  the  tool  being  started  on  the  inside  wall  of  the  pipe,  thus  secur- 
ing a  sharj),  clearly  defined  edge,  and  avoiding  entirely  the  burr  which 
would  result  if  the  tool  were  started  on  the  outside. 

Four  diameters  were  measured  on  each  ring.  The  rings  from  the 
brass  pipes  were  placed  on  the  bed  of  a  dividing  engine,  and  readings 
were  taken  as  the  inner  edges  appeared  under  the  cross-hair  of  the 
microscope.  The  bed  advanced  1  mm.  for  each  turn  of  the  screw,  and 
one  two-hundredth  part  of  a  turn  could  be  read  directly  from  a  grad- 
uated disc  on  the  screw.  The  rings  from  the  galvanized  pipes  were 
measured  with  small  micrometer  beam-calipers  reading  to  one-thou- 
sandth of  an  inch. 

The  means  of  the  four  measured  diameters  on  each  ring,  corre- 
sponding to  the  mean  diameters  of  the  ends  of  the  brass  pipes,  are 
given  in  Table  No.  1.  The  numbers  refer  to  the  position  of  the  indi- 
vidual pipe  lengths  in  the  experimental  arrangement,  the  lengths  be- 
ing numbered  consecutively,  beginning  at  the  up-stream  end.  In  a 
number  of  cases  a  single  jjiece  of  pipe  was  cut  into  two  or  three 
lengths.  Hence  the  question  as  to  the  uniformity  of  diameter  can  be 
answered  by  direct  evidence.  The  following  list  shows  what  lengths 
were  cut  from  the  single  factory  lengths. 

///. — No.   7  was  cut  from  No.  6 


IV.—  " 

5 

" 

"       ' 

<       ( ( 

2 

v.—  " 

2 

a 

" 

<.         u 

5 

VL—  " 

4 

a 

a 

'     " 

3 

VL—  " 

6 

" 

a 

'     a   piece. 

the 

remainder 

of  which  was  not  used. 

F//.— No 

5 

was 

cut  from  No 

1 

VIII.—  " 

2 

" 

1 

VIIL—  " 

5 

" 

4 

VI II.—  " 

3 

" 

4 

IX.—  " 

1 

i  i 

2 

IX.—  " 

4 

" 

3 

X.—  " 

1 

((          a 

2 

X.—  " 

4 

" 

3 

XL—  " 

1 

2 
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XI. — No.  5  was  cut  from  No.  4 

4 
2 
2 
3 
2 
3 
2 
3 
2 
3 


XL—  ' 

'     3 

X//.  -  ' 

1 

XIII.—  ' 

'     1 

X///.—  ' 

4 

X/F.—  ' 

1 

XIV.—  ' 

'    4 

XV.—  ' 

1 

XV.—  ' 

4 

XTY.—  ' 

'     1 

XF/.—  ' 

4 

If  a  pipe  was  cut  into  three  iiieces,  the  shortest  piece  was  cut  off 
first.  All  pieces  were  cut  from  the  unmarked  end  of  the  factory  length. 
The  unmarked  end  of  the  original  pipe  became  the  unmarked  end  of 
the  first  piece  cut  ofif.  Hence,  the  marked  end  of  a  short  pipe  cut 
from  a  factory  length  represents  a  section  in  the  middle  of  the  latter. 


TABLE  No.  2. — Dimensions  of  Galvanized  Pipes. 


liength, 

in 

feet. 

Diameters,  in  Inches. 

"3 
n 

S 
o 

-2 

■a 

1 

By  Calipers. 

a   . 

No.  of  pipe. 

u  a 

05  4) 

|g 
a 

t3 

XVII 

18.751 
17.496 
18.119 
17.033 
10.064 

1-in. 
i-in. 
i-in. 
l-in. 
i-in. 

1.048 
0.834 
0.633 
0.494 
0.364 

3    1.046 
1    1.050* 
(    0.789 
"1    0.850 
i    0.637 
1    0.631* 
3    0.493 
/    0.489 
J    0.363 
1    0.355* 

1.037 
1.044 
0.799 
0.850 

0.628 
0.631 
0.502 
0.483 
0.345 
0.345 

1.031 
1.037 
0.815 
0.849 
0.637 
0.632 

1.036 

1.042t 

0.805 

0.850t 

0.637 

0.636t 

0.498 

XVIII 

XIX 

XX 

0.4861 
0.354 

XX7 

0.350t 

Note.— The  lengtlis  given  in  the  table  are  for  the  experimental  sections.  For  other 
lengths  see  Fig.  1. 

*  The  marked  ends  are  also  the  up-stream  ends  in  the  first  or  unreversed  arrange- 
ment, except  where  an  asterisk  denotes  the  opposite. 

t  The  experimental  section. 
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In  Table  No.  2  are  given  the  mean  diameters  of  the  galvanized 
pipes.  In  addition  to  the  end  caliperings,  Pipes  XVII,  XVIII  and 
X/X  were  measured  by  the  water-filling  method,  special  precautions 
being  taken  to  avoid  the  adhesion  of  air  to  the  walls  of  the  pipe.  The 
pipe  was  held  vertically,  and  a  stifif  wire  with  a  piece  of  cloth  tied  to 
the  lower  end  was  inserted  until  the  cloth  was  near  the  bottom  of  the 
pipe.  The  pipe  was  then  filled,  and  the  wire  was  drawn  up  with  a  rotary 
motion.  The  pipe  was  finally  filled  flush,  and  the  contained  water  was 
caught  and  weighed  to  the  nearest  y^  lb.  Each  pipe  length  was  filled 
three  times.  Allowance  was  made  for  the  small  quantity  of  water 
which  remained  adhering  to  the  inside  walls  of  the  pipe,  a  determina- 
tion having  been  made. 

Measurements  of  Lengths. — All  lengths  were  measured  with  an  accu- 
rate steel  tape,  and  were  checked  by  independent  measurements. 
They  are  given  in  Fig.  1  and  in  Table  No.  3.  For  the  experimental 
sections,  they  are,  in  all  cases,  between  the  piezometric  slits  for  the 
brass  pipes,  and  between  the  piezometric  holes  for  the  galvanized  pipes. 

Methods  of  Experimentation. — All  pipes  were  laid  straight,  and,  where 
necessary,  intermediate  supports  were  used  between  the  hangers  on 
which  the  whole  pipe  system  was  supported.  On  account  of  their  very 
small  sizes,  Pipes  XIV,  XV  and  XVI  were  laid  on  a  board,  and  held 
straight  by  tacks.     The  hangers  were  levelled  up  carefully. 

As  shown  in  Fig.  1,  there  are  fourteen  valves  to  control  the  flow  in 
the  various  experimental  lines,  several  of  which  have  two  difierent 
sizes  of  pipes.  It  will  be  noticed  that  there  is  in  all  cases  a  considera- 
ble length  of  pipe  up  stream  from  the  first  piezometer,  or  Piezometer 
A.  In  fact,  the  writers  had  agreed  that  it  is  desirable  to  have  an 
entry  length  of  approximately  two  hundred  diameters,  in  order  to 
allow  the  flow  to  become  normal.  While  this  allowance  is  ample,  it 
does  not  appear  to  be  excessive.  A  length  of  one  hundred  diameters 
is,  in  the  writers'  opinion,  hardly  enough  to  allow  the  disturbances  due 
to  a  curve  at  entry  to  die  down  fully.* 

In  order  to  get  as  large  a  range  of  velocities  as  possible,  the  down- 
stream sections  of  Pipes  VIII  to  XVI  were  removed  and  replaced 
again  from  time  to  time.  On  several  occasions  Pipes  VI,  VII,  IX, 
XII  and  XIII  were  entirely  removed,  in  order  to  increase  the  discharge 
of  the  larger  pipes  ordinarily  feeding  into  them. 

*Transactions,  Am.  Soc.  C.  E.,  Vol.  XLVII,  p.  317. 
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TABLE  No.  3. — Beass  Pipe— Lengths  of  Sections  and  Diameters. — 

See  Fig.  1. 


i 

p 
o 

a 

1i^ 

oc8  fl 

6 
P. 

i 

1 

a 

ii 

lit 

s 

ag 

.2 

<!x!'" 

s 

M 

Hi 

■«h5 

II. 
iii.-i 

2 

4-B 

Entry-4 
4-5 

57.496 
57.518 
10.08 
14.031 

i 0.1743 

JX.-l 
2 
3 
4 

Reducer-^ 
C-Valve. 

6.08 

6.068 

10.891 

1.02 

!-0.03137 

j 

3 

B-C 

14.032 

X-1 

Entry-4 

5.61 

1-0.02679 

J 

4 

C-D 

10.681 

0.12484 

2 

4-5 

6.719 

5 

D-E 

13.066 

3 

P-C 

10.861 

6 

E-F 

6.1.53 

4 

C-Reducer. 

1.075 

7 

J^-Valve. 

6.7.? 

XI.-l 

Entry-^ 

4.96 

1 

IV.-l 

Entry-^ 

11.39 

0.10387 

3 

A-B 

7.396 

lo. 02347 

2 

A-B 

8.164 

3 

B-C 

10.894 

3 

B-C 

19.197 

0.10311 

4 

C-Reducer. 

1.06 

J 

4 

C-D 

17.073 

XII.-l 

Reducer-4 

4.44 

[-0.03176 

5 

Z)-Valve. 

4.33 

2 

A-B 

7.723 

V.—l 

Entry-^ 

13.15 

0.08908 

3 

B-C 

2.133 

) 

2 

A-B 

5.490 

^ 

4 

C-D 

8.891 

VO. 03309 

3 

B-C 

12.045 

1 

5 

D- Valve. 

1.04 

) 

4 

C-D 

12.044 

1-0.08785 

XIII.— 1 

Reducer-^ 

3.90 

] 

5 

D-E 

11.903 

1 

2 

A-B 

8.202 

J-0. 01846 

6 

^-Reducer. 

6.53 

J 

3 

B-C 

10.867 

VI.-l 

Redueer-4 

13.03 

j- 0.06930 

4 

C-Valve. 

1.03 

3 

A-B 

13.057 

x/r.— 1 

Entry-4 

3.15 

1 

3 

B-C 

5.835 

J 

2 

A-B 

7.1.30 

'1-0.01498 
J 

4 

C-D 

6.134 

V0.06831 

3 

B-C 

10.876 

5 

D-E 

13.046 

4 

C-Valve. 

1.03 

6 

S-Coupling. 

3.07 

0.06889 

XV.-l 

Entry-4 

2.62 

1 

VU.-1 

Reducer-^ 

9.87 

1 

2 

4-B 

9.542 

i- 0.01261 

2 

A-B 

13.079 

1 

3 

5-C 

10.868 

3 

B-C 

13.080 

•0.05251 

4 

C-Valve. 

1.03 

j 

4 
5 

C-D 

Z)-EnlarKement 

to  valve. 

13.077 
2.08 
14.47 

XF/.— 1 
2 
3 

4 

Entry-^ 
A-B 
B-C 

C-Valve. 

2.68 

9.291 

11.054 

1.03 

1-0.00893 

F//I.— 1 
2 

Entry-4 

A-B 

B-C 

C-D 

D-Reducer. 

7.38 

5.031 

3.160 

7.826 

1.060 

j- 0.04149 
1  0.04173 

j 

3 

4 

5 



The  differences  of  pressure  between  the  piezometers  were  measured 
by  either  mercury  or  water  gauges,  of  the  differential  type,  the  pressures 
being  transmitted  from  the  piezometers  to  the  gauge  columns  by  heavy, 
three-ply,  cotton-insertion,  rubber  tubing.  The  scales  of  these  gauges 
are  divided  into  double  centimeters  and  tenths,  the  hundi'edths  being 
estimated.  All  gauges  were  sujiplied  with  riders  to  facilitate  accurate 
reading  of  the  menisci.  The  mercury  gauges  had  three  columns,  and 
the  water  gauges  had  either  two  or  three  columns.  Any  of  the  gauges 
could  be  used  as  two-column  gauges,  if  desired. 

The  water  was  discharged  for  measured  intervals  of  time  into  a 
tank  on  one  of  three  i3latf  orm  scales.     One  of  these  scales  has  a  capacity 


FLOW   OF   WATER   IN    PIPES.  267 

of  2  500  lbs.,  and  is  acciirate  to  the  nearest  pound.  Another  has  a 
capacity  of  350  lbs. ,  and  is  accurate  to  vo  lb.  The  third  is  sensitive  to 
rg^o  lb.  for  weights  not  exceeding  50  lbs.  The  two  smaller  scales  were 
calibrated  with  standard  weights  in  the  possession  of  the  College  of 
Civil  Engineering.     The  largest  was  tested  by  comparison. 

Thus,  it  was  possible  to  secure  the  desired  accuracy  for  the  meas- 
urement of  the  discharge  of  the  smallest  of  the  i^ipes  as  well  as  the 
largest.  In  general,  the  attempt  was  made  to  secure  an  average 
accuracy  of  1  in  500  in  all  measurements,  whether  of  weight,  time  or 
gauge  differences.  For  the  highest  velocities,  a  much  greater  accuracy 
has  been  obtained,  while,  for  some  of  the  very  lowest  velocities,  the 
weight  or  gauge  difference  was  so  small  as  to  render  the  result  accurate 
•within  only  about  J  of  1%,  or,  very  rarely,  within  only  1%;  but,  for 
the  vast  majority  of  the  experiments,  it  is  believed  that  the  attempted 
accuracy  has  been  secured. 

For  many  of  the  first  experiments,  the  time  was  taken  from  a  record 
sheet  of  a  chronograph  connected  to  the  diverting  arrangements  and 
to  the  standard  clock  of  the  Astronomical  Laboratory.  It  was  found 
that  the  error  in  using  an  ordinary  well-regulated  watch  was  in  general 
only  a  small  fraction  of  a  second.  In  fact,  by  using  a  small  reading 
glass,  the  |-second  beats  can  be  seen  qiiite  distinctly  on  the  second 
hand  of  the  ordinary  watch.  Hence,  for  all  the  later  runs,  the  time 
was  taken  with  an  ordinary  watch,  and  it  is  believed  that  the  time 
element  is  well  within  the  attempted  limit  of  accuracy. 

During  the  time  in  which  the  flow  was  being  measured,  the  gauge 
was  read  from  six  to  twenty  times.  When  the  pressure  was  taken  from 
the  attic  tank  the  columns  were  quite  steady,  but  when  connected  to 
the  campus  mains  there  was  considerable  vibration,  yet  not  enough 
to  impair  greatly  the  accuracy  of  the  readings.  The  main  pressure 
was  used,  generally,  only  for  the  highest  velocities,  and  hence  the 
greatest  gauge  differences.  The  gauges  were  tested  under  no-flow  con- 
ditions before  and  after,  and  frequently  during,  every  series  of  runs. 
In  general,  no  trouble  was  experienced.  The  columns  came  quickly  to 
a  common  level.  This  condition  of  affairs  the  writers  attribute  to  the 
complete  control  of  the  ajiparatus,  the  excellence  of  hose  and  gauge 
connections,  and  the  great  care  taken  to  free  the  whole  pipe  system 
from  air  before  starting  any  experiment.  The  temperature  of  the 
water  for  the  first  experiments  was  taken  in  the  tank  after  the  runs. 
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For  these  cases  the  temperature  of  the  water  was  within  1  or  2°  Fahr. , 
of  the  temperature  of  the  room.  For  the  later  exj)eriments  on  Pipes 
VIII  to  XVI,  and  for  all  the  experiments  on  Pipes  XVII  to  XXI  (of 
galvanized  iron),  the  temperatiire  was  taken  with  a  thermometer 
inserted  in  a  stuffing-box,  and  with  its  bulb  well  within  the  pipe.  The 
positions  of  these  thermometer  stuffing-boxes  are  shown  in  Fig.  1.  The 
temperature  was  taken  at  the  beginning  and  at  the  end  of  each  experi- 
ment, and  the  mean  value  used,  the  dififerences  being  small.  For  Pipes 
7/ to  F7/it  was  found  that  the  temperature  in  the  pipes  was  the  same 
as  that  in  the  tank  after  filling,  within  less  than  half  a  degree.  Hence, 
the  latter  was  taken,  except  at  low  velocities,  when  a  small  jar  full  of 
the  water  was  caught  just  before  and  after  each  run  and  the  tempera- 
ture was  read  immediately. 

Methods  of  Reduction.  — In  reducing  weights  to  velocities  the  weights 
per  cubic  foot  of  distilled  water  at  the  observed  temjDerature  were 
taken  from  a  table  by  the  late  Hamilton  Smith,  Jr. ,  M.  Am.  Soc.  C. 
E.  These  values  are  known  to  be  correct  within  n,  of  1%  for  the  water 
used  in  the  experiments. 

In  reducing  observed  heads  on  the  differential  water  gauges  a  cor- 
rection is  necessary  on  account  of  the  weight  of  a  column  of  air  of  a 
height  equal  to  the  observed  difference  and  under  an  average  pressure 
of,  approximately,  1^  atmospheres.  This  amounts  to  a  subtraction  of 
approximately  one  five-hundredth  of  the  observed  differences.  There 
is  another  correction  on  account  of  the  difference  between  the  tempera- 
ture of  the  water  in  the  gauge  and  that  in  the  pipe,  but  this  is  very 
small,  and  is  an  uncertain  amount,  varying  from  nothing  to  a  possible 
subtraction  of  one-six-hundredth  of  the  observed  difference.  The  cor- 
rection actually  applied,  to  cover  these  two  items,  is  a  subtraction  of 
one  five-hundredth  of  the  observed  difference  for  temperatures  in  the 
pipe  below  G0°  Fahr. 

For  reducing  observations  on  the  mercury  gauges,  the  "water 
equivalent  "  was  obtained  by  direct  comparison.  A  line  of  levels  was 
run,  and  the  elevation  of  the  top  of  the  attic  tank  above  the  zeros  of 
the  gauges  was  determined  accurately.  One  observer  measured  the 
level  of  the  surface  of  the  water  in  the  tank,  while  another  took  read- 
ings on  the  gauges  in  the  basement.  Eight  determinations  were  made, 
with  as  many  different  heights  of  the  water  surface.  The  "water 
equivalent  "  was  found  to  be  13.57  for  mercury  and  water  at  71°  Fahr. 
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The  eight  determinations  agreed  within  ro  of  1  per  cent.  The  weight  of 
a  column  of  air  from  the  gauge  to  the  attic  was  included  in  the  calcu- 
lation. Since  the  temperature  of  the  room,  and  hence  the  specific 
gravity  of  the  mercury  in  the  gauges,  was  practically  constant  during 
the  course  of  the  experiments,  the  observed  diflferences  were  corrected 
according  to  the  specific  gravity  of  the  water  flowing  in  the  pipe. 
Thus  all  heads  are  reduced  to  water  at  the  temperature  of  that  in  the 
pipe. 

All  reductions  of  weights  to  velocities,  and  of  observed  gauge  dif- 
ferences to  loss  of  head,  in  feet  of  water  per  100  ft.  of  pipe  length,  have 
been  checked  by  independent  calculations.  In  addition,  all  results  have 
been  subjected  to  the  test  of  two  different  methods  of  plotting,  and 
any  apjjarently  wild  cases  have  been  recalculated.  The  writers  have 
been  j^leased  to  find  that  the  efforts  to  maintain  a  high  degree  of 
accuracy  in  all  measurements  have  borne  good  fruit  in  the  resulting 
indications. 

Table  No.  4  contains  the  data  for  the  brass  pipes,  and  Table  No.  5 
the  data  for  the  galvanized  pipes. 
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TABLE  No.  5.— Galvanized  Pipe  XVII. 


No.  of  Exp't. 

Loss  of 

head. 

Feet  per  100. 

Temp. 
Fahr. 

Velocity,  in 

feet 
per  second. 

Remarks. 

592 

70.89 
39.90 
54.00 
39.59 
25.85 
13.17 

5.88 
62.46 
55.35 
28.75 
16.51 
44.19 
36.21 
44.87 
43.89 
43.67 
74.36 
73.74 
55.61 
26.82 
13.21 

7.37 

35.5° 

35.8 

44.4 

43.5 

41.2 

40.9 

41.2 

35.5 

35.6 

35.6 

36.4 

59.5 

51.2 

79 

43.6 

35.6 

35.4 

35.2 

35.5 

35.2 

35.4 

35.6' 

10.036 
7.493 
8.762 
7.452 
6.008 
4.229 
3.795 
9.374 
8.476 
6.340 
4.766 
7.955     ■ 
6.093 
8  3751 

593 

mercury. 

594 

595 

Air  64° 

596 

597 

598 

599 

600 

601 

602 

630 

621 

741 

742 

7.813 
7.711 
10.155 
10.118 
8.860 
6.041 
4.216 
3  111 

■ 

743 

744 

745 

Experimental      pipe      re- 
versed ( Piezometer  B  up 

746 

stream)  for  these  experi- 

747  

ments. 

748 

749 

Galvanized  Pipe  XVIII. 


631 

632  

633 

51.61 
41.11 
30.06 
20.60 
10.40 

4.99 
75.83 
64.87 
50.87 
32.41 
74.37 
74.89 
50.10 
30.74 
19.99 

8.47 
51.74 
31.00 
15.52 
71.23 

44.6° 

43.9 

42.4 

43.0 

42.5 

42.8 

36.0 

36.0 

71.5 

64 

39.8 

35.8 

36.1 

36.2 

35.8 

36.5 

37 

37.2 

38.3 

35.1 

9.469 
8.331 
7.060 
5.708 
3.913 
3.618 
11.470 
10.554 
9.635 
7.548 
11.437 
11.405 
9.159 
7.757 
5.513 
3.433 
9.271-1 
7.047  1 
4.811  f 
10.916J 

All  heads  measured  in 
mercury. 

634 

635. 

636 

637 

638 

639 

640 

641 

642 

643 

644 

645 

646 

737 

Experimental  pipe  re- 
versed ( Piezometer -B  up 
stream)  for  these  experi- 

738 

739 

740 
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TABLE  No.  5 — {Continued). — GaxiVANized  Pipe  XIX. 


No.  of  Exp't. 

Loss  of  head . 
Feet  per  100. 

Temp. 
Fahr. 

Velocity,  in 
feet  per 
second. 

Remarks. 

622     

96.62 

61  20 

33.62 

16.72 

7.36 

143.31 

144.72 

80.22 

37.70 

98.04 

97.56 

97.70 

78.17 

78.13 

39.71 

22.81 

148.47 

149.69 

98.16 

77.00 

77.88 

97.65 

55.0° 

49 

48 

48.2 

49.2 

77 

37.5 

37.5 

37.7 

78 

50 

50.7 

52.0 

49.0 

48.5 

49.0 

48.6 

37.1 

77.2 

80.2 

45.9 

4S.8 

10.223 
7.909 
5.747 
3.894 
2.460 
12.783 
12.339 
9.049 
5.996 

All    heads    measured    in 

623  

mercury. 

624        

625  

626 

627     

628 

629            

630     

755 

9.994*' 
10.079 
10.248 

9.028 

9.011 

6.267 

4.610 
12.560 
12.578 
10.298 

9.196 

8.931 
10.062  J 

756       

757 

Experimental     pipe      re- 

758         

versed    for     these    ex- 

759      

periments. 

760          

761 

♦Error  in  time?    Velocity 

762  

may    be     10.316.       See 

763              

Experiment  768. 

768       

769 

770              

771 

Galvanized  Pipe  XX. 


603 

166.6 
109.1 
lG.i.6 
149.6 
116.5 
79.15 
46.20 
21.12 
10.34 
5.03 
113.3 
91.35 
112.6 
59.93 
112.2 
51.56 
164.5 
160.4 
108.2 
57.4 
25.9 

61.5 
58.8 
37.2 
36.8 
35.9 
35.5 
35.6 
35.8 
39.0 
40.6 
43.6 
49.5 
47.0 
46.4 
77.2 
78.3 
79.2 
48.4 
45.2 
45.2 
52 

10.885 

8.725 
10.653 
10.145 

8.877 

7.240 

5.499 

3.634 

2.487 

1.669 

8.781 

7.877 

8.775 

6.308 

8.896 

5.965 
10.884 
10.744  ] 

8.607    i 

6.156  r 

4.077  J 

All    heads    measured    in 

604 

mercury. 

605                     .... 

606          

607 

608 

609 

610 

611 

612     

613 

614 

615                     

616          

617 

618 

619 

764 

Experimental    pipe      re- 

765      

versed  for  these  experi- 

766  

ments. 

767 
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TABLE  No.  5— [Continued).— Galyaniz^t)  Pipe  XXJ. 


No.  of  Exp't. 

Loss  of  head. 
Feet  per  100. 

Temp. 
Fahr. 

Velocity,  in 
feet  per 
second. 

Remarks. 

570 

408.5 
205.1 
.341.5 
357.3 
181.3 
125.6 
84.71 
53.77 
81.68 
374.9 
311.8 
258.4 
195.3 
133.8 
84.05 
47.50 
5.97 
11.94 
35.69 
268.1 
142.6 
388.3 
316.5 
315.4 
244.5 
161.7 
77.7 

71.5° 

71.5 

68 

54 

52.3 

59.3 

57. H 

57.1 

59. H 

38.5 

38.6 

37.4 

37.4 

37.5 

38.0 

38.4 

43.6 

44.0 

47.3 

46.3 

47.8 

49.7 

45.1 

36.4 

38.9 

36.4 

39.0 

11.411 
8.009 

10.394 
8.956 
7.489 
6.219 
5.085 
4.0.39 
3.067 

10.763 
9.830 
8.938 
7.739 
6.394 
5.035 
3.756 
1.303 
1.856 
3.744 
9.112 
6.631 

10.993 
9.7951 
9.651 
8.464  V 
6.834 
4.731  J 

All     heads    measured    in 

571 

mercury. 

573 

573 

574 

575 

576 

577 

578 

579 

580 

581 

583 

583 

584 

585 

586 

587 

588  .     .. 

589 

590 

591 

750 

Experimental      pipe     re- 

751  

versed  (Piezometer  B  up 

753 

stream)  for  these  experi- 

753  

ments. 

754 

Reduction  to  Standabd  Tempekatukes. 
Brass  Pipes. — After  a  few  experiments  had  been  made  on  each  pipe, 
a  preliminary  logarithmic  plotting  of  the  results  showed  that  for  each 
of  the  fifteen  brass  pipes  the  loss  of  head  varied  very  nearly  as  the 
1.75  power  of  the  velocity.  Advantage  was  taken  of  this  fact  to 
bring  the  results  to  chosen  standard  temperatures.  Plates  VIII  and 
IX  were  drawn,  using  heads  in  feet  j^er  100  ft.  as  ordinates  and 
the  values  of  F'*^^  as  abscissas.  For  any  particular  pipe  on  these 
plates,  it  will  be  noticed  that  there  is  a  gradual  increase  in  the  ordinate 
as  the  temperature  of  the  water  drops,  and  that  points  of  about  the 
same  temperature  lie  approximately  on  a  straight  line.  Such  lines 
were  drawn  for  standard  temperatures  of  70,  55  and  40°  Fahr.  The 
difference  in  ordinates  between  two  lines,  divided  by  the  ordinate, 
gives  the  ratio  or  percentage  of  increase  or  decrease  in  the  loss  of 
head  for  a  change  of  temperature  of  15  degrees.  The  percentage  is 
always  less  for  40°  than  for  55°,  as  the  ordinate  itself  is  greater.  In 
those  cases  in  which  the  distances  between  the  lines  were  different, 
thus  resulting  in  two  different  percentages  at  55°,  the  average  of  these 
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two  percentages  was  taken.  The  three  percentages,  reduced  to  per- 
centages per  10°,  instead  of  15°,  were  then  plotted  as  ordinates,  with 
temperatures  as  abscissas,  and  a  smooth  curve  was  drawn  through  the 
three  points.  The  percentage  correction  per  10°  for  any  observed 
temperature  was  read  from  these  curves.  The  diagram  used  is  shown 
in  Fig.  3,  in  which  it  will  be  seen  that  for  all  pii^es  the  correction  factor 
is  about  4  per  cent.  Another  diagram  was  therefore  constructed,  from 
which  the  4:%  corrections  of  the  difi'erent  heads  for  any  temjaerature 
interval  could  be  read,  and  the  correction  desired  was  then  obtained 
by  the  slide-rule. 

PERCENTAGES  PER  10  DEGREES  USED  IN  BRINGING  OBSERVED  RESULTS 
TO  STANDARD  TEMPERATURES  70,°    55"  AND  40.' 


50°  60° 

Temperature  of  observation. 

Fig.  3. 

In  Fig.  3  it  will  be  noticed  that  for  some  j^ipes  the  percentage 
curves  slope  downward  for  increasing  temperatures,  and  for  other 
pipes  there  is  an  ojjposite  tendency.  While  it  is  not  to  be  maintained 
that  these  corrections  are  accurate,  it  is  believed  that  they  are  correct 
within  several  tenths  of  1  per  cent.  If  this  is  true,  a  profile  view  of 
Fig.  3,  at  70°,  55°  or  40°,  made  by  taking  the  percentages  and  plotting 
them  with  respect  to  the  pipe  diameters,  gives  indications  of  a  sinuous 
relation  between  the  temperature  effects  and  the  diameters.  The 
evidence,  however,  is  not  conclusive  enough  to  justify  the  statement 
that  this  is  a  fact. 

Aside  from  errors  in  judgment  in  drawing  the  lines  on  Plates 
VIII  and   IX,    there    is    at   least    one    way   in    which    small   errors 
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might  be  introduced  into  the  reduction  factor.  It  will  be  seen  later, 
in  the  tables  for  m  and  n,  that  for  the  different  standard  temperatures 
there  are  slight  differences  in  the  value  of  n  for  a  certain  pipe,  and 
sometimes  quite  decided  differences  between  these  values  of  wand  the 
l^reliminary  value,  1.75.  The  differences  in  the  values  of  n  would  result 
in  changing  the  relative  position  of  the  lines,  as  they  are  all  drawn  upon 
the  basis  of  a  =  1.75.  The  fact  that  n  is  sometimes  different  from  1.75 
results  in  giving  a  slight  curvature  to  the  line  passing  through  the 
j)oints  at  a  certain  temperature.  As  stated,  however,  the  errors  are 
not  large,  and,  taking  into  consideration  the  fact  that  the  correc- 
tion intervals  were  in  almost  all  cases  less  than  10°,  it  is  certain  that 
the  limits  of  error  mentioned  have  not  been  exceeded.  In  addition, 
the  corrections  were  usiially  made  from  both  sides  of  the  standard 
temperatures,  and  any  ajipreciable  error  would  be  evident  at  once  in 
the  plotting. 

Another  method  for  getting  the  temperature  correction  consists  in 

rr 

plotting  the  values  of  m  ^  j^i^ys  as  ordinates,  with  the  temperatures 

as  abscissas.  When  this  is  done,  a  straight  line  results  in  some  cases 
and  a  curve  in  others.  It  usually  gives  the  same  results  as  the  method 
already  presented,  but,  taken  altogether,  it  is  not  as  reliable. 

Galvanized  Pipes. — For  the  galvanized  pipes,  a  diagram  was  made, 
as  for  the  brass  pipes,  using  for  the  abscissas  those  approximate  powers 
of  the  velocity  which  a  preliminary  logarithmic  plotting  showed  for 
each  pipe.     These  powers  or  values  of  n  were  quite  variable,  as  the 

following  values  show. 

n 

Pipe  XVII 1 .95 

"     XVIII 1 .82 

"     XIX 1.82 

"     XX 1.90 

"     XXI 1.95 

The  diagram,  however,  did  not  give  such  consistent  results  as  did 
the  diagrams  for  brass  jaipes.  The  experiments  were  mostly  in  the 
neighborhood  of  40  degrees.  The  results  were  usually  somewhat 
erratic,  and  in  many  cases  the  estimate  had  to  be  based  on  the  assiimp- 
tion  of  a  uniform  change  from  70  to  37  degrees.  Upon  passing  to  the 
final  plotting,  however,  these  estimates,  which  varied  from  1  to  2% 
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for  10^  difference  in  temperature,  showed  themselves  to  be  in  error. 
More  consistent  reduction  factors  were  obtained  by  using  large-scale 
logarithmic  paper  for  a  j^rehminary  plotting.  Uiion  Pipes  XVII  and 
XXI  yerj  little  evidence  of  temperature  effect  coiild  be  found,  and 
the  results  were  not  corrected.  For  Pipe  XIX  1.^%  for  10°  was 
found  to  apply;  and  for  Pijae  XX  1.25J^  was  used.  For  Pipe  XVIII 
the  results  were  changed  by  b%  in  the  neighborhood  of  40°,  but,  from 
all  apijearances,  this  would  be  too  large  in  the  vicinity  of  70  degrees. 
Pipe  XVIIl,  however,  seems  to  be  exceptional,  in  several  resijects. 

Logarithmic  Plaiting  of  Results. — After  being  brought  to  the  standard 
temperatures  the  results  were  plotted  on  regular,  10-in.  base,  logarith- 
mic, cross-section  paper,*  j^lotting  losses  of  head  as  ordinates  and 
velocities  as  abscissas.  The  use  of  such  paper  is  now  so  common  that 
no  explanation  is  considered  necessary. 

This  plotting  is  shown  in  Plate  X,  which  contains  the  results  for 
both  brass  and  galvanized  pipes,  plotted,  however,  for  different 
^rigins.  For  the  brass  pipes,  lines  are  drawn  for  the  three  standard 
temperatures,  but  for  only  one  experimental  section  on  each  j^ipe,  in 
order  to  avoid  confusion. 

Close  inspection  will  show  that  in  some  instances  the  points  do  not 
lie  exactly  on  the  line.  In  such  cases  investigation  was  made  to  see  if 
the  reason  existed  in  an  error  in  the  tempei'ature  reduction  factor,  but 
it  was  found  that  the  differences  were  due  to  other  causes.  Some- 
times the  results  obtained  by  mercury  readings  were  slightly  different 
from  those  taken  in  water.  Altogether,  however,  the  lines  fit  the 
points  very  well.  Attention  may  be  called  here  to  the  great  uniform- 
ity in  slope  for  the  brass  pipes. 

Table  No.  6  gives  the  values  of  m  and  n,  as  determined  from  the 
logarithmic  plotting.  In  cases,  however,  where  the  jjoints  do  not  lie 
exactly  on  a  straight  line,  or  where,  as  in  Pipe  XVI  at  40°,  the  points 
which  determine  the  line  are  few  in  number,  and  for  high  velocities, 
there  is  usually  a  little  uncertainty  in  drawing  the  line.  In  this  way, 
small  variations  in  vi  may  be  brought  about,  but  when  it  is  consid- 
ered that  there  is  a  corresponding  change  in  n,  it  will  be  seen  that  the 
two  values  taken  together  will  represent  the  conditions  quite  accu- 
rately. 

*  The  writers  were  supplied  with  this  paper  by  John  R.  Freeman,  M.  A.m.  Soc.  C.  E. , 
whose  generosity  and  kindly  interest  they  desire  to  acknowledge. 
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In  Table  No.  6  there  will  also  be  found  the  values  of  m,  as  taken 
from  Plates  VIII  and  IX  on  wbicb  the  points  were  j^lotted  with 
heads  as  ordinates  and  the  values  of  F^'^''  as  abscissas.  The  slopes 
of  the  lines  drawn  must  give  the  values  of  m  corresi^onding  to 
the  power,  1.75,  of  the  velocity.  Ujion  comparing  these  values  of  m 
with  those  obtained  from  the  logarithmic  plotting,  it  is  seen  that  they 
check  quite  well.  These  values  of  m  are  greater  or  less  than  the  val- 
ues determined  logarithmically,  accordingly  as  1.75  is  greater  or  less 
than  the  true  n.  Taken  altogether,  with  these  values  of  m,  and 
n  =  1.75,  we  can  represent  closely  the  whole  series  of  experiments. 

The  method  of  least  squares  could  also  be  api^lied  in  getting  the 
values  of  m  and  n.  This  was  tried  in  the  case  of  Pipe  //,  and  gave  a 
close  check  upon  the  values  taken  from  the  logarithmic  sheet.  The 
method  of  least  squares,  however,  is  not  as  convenient,  and  does  not 
expose  the  errors  which  may  occur. 

The  differences  in  results  for  two  sections  of  the  same  pipe  do  not 
seem  to  be  accounted  for  through  differences  in  diameter,  except  in 
Pil^es  VI,  VIII  and  XII,  where  differences  were  known  to  exist  and 
were  allowed  for  in  the  calculations.  In  the  other  pipes  small  diff'er- 
ences  in  resistance  are  noted,  but  must  be  accounted  for  otherwise. 
As  first  used,  the  two  experimental  sections  of  Pipe  XV  showed  very 
discordant  results,  as  the  table  and  the  logarithmic  plotting  show. 
After  being  cleaned  by  drawing  waste  cotton  through,  the  results 
were  more  consistent.  During  the  cleaning  a  small  scale  of  brass  was 
drawn  out,  and  it  seems  very  jjrobable  that  the  small  diff'erences  noted 
in  other  pipes  may  be  due  to  similar  causes. 

Table  No.  7  gives  the  values  of  m  and  n  for  the  galvanized  pipes. 
As  shown  by  the  logarithmic  plotting,  Pipe  XVIII  seems  to  be  an  ex- 
ceptional pipe.  Even  though  of  smaller  diameter  than  Pipe  XVII 
the  losses  of  head,  for  velocities  above  2.4  ft.  per  second,  are  lower 
than  in  Pipe  XVII  for  the  same  velocity.  It  will  be  remembered,  also, 
that  Pipe  XVIIIis  the  one  which  showed  high  temperature  effects  in 
the  neighborhood  of  40°,  and  that  it  is  the  only  one  of  the  galvanized 
pipes  which  had  been  in  use  before  the  experiments.  A  slight,  silt- 
like deposit  which  had  occurred  on  the  inner  walls  was  entirely  insiif- 
ficient  to  relieve  the  roughness.  Although  the  galvanized  pipes  do 
not  seem  to  give  such  consistent  results  as  the  brass  pipes,  the  experi- 
ments were  made  with  the  same  care. 
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TABLE  No.    7. 

GaiiVAnized  Pipes  XVII  to  XXI,  Inclusive.     Values  of   m  and   n 

{m  FOE  Head  in  Feet  per  100). 


Pipe. 

Temp.  Fahr. 

m. 

n. 

XVII. 

0.820 

0.905 

1.320 

1.74 

1.81 

3.. 52 

1.931 

XVIII 

40° 
40 
70 
40 

1.802 

XIX 

1  863 

XX 

1.906 

XSI 

1.910 
1  961 

Critical  Velocity. 

One  of  the  most  interesting  features  of  Plate  X,  Fig.  1,  is  the  evi- 
dence regarding  critical  velocity.  As  might  be  expected,  this  phe- 
nomenon is  most  prominent  on  Pipe  XVI,  where  the  peculiar  effects 
are  evident  at  relatively  high  velocities.  For  low  velocities,  up  to  2.5 
ft.  per  second,  the  slope  is  1,  showing  that  the  loss  of  head  is  directly 
Ijroportional  to  the  velocity.  Above  a  velocity  of  3.5  ft.  the  slope  is 
about  1.78.  Between  these  velocities  there  is  a  region  where  the  slope 
gradually  changes  and  reaches  a  value  considerably  greater  than  2. 
The  cause,  as  Osborne  Reynolds,  F.  R.  S. ,  has  shown*  is  a  change  in 
the  conditions  of  flow. 

The  effect  of  temperature  on  the  point  at  which  the  change  takes 
I)lace  is  well  shown  by  Pipe  XVI,  and  also  in  Fig.  4,  which  has  been 
jjrepared  from  the  observations  of   Hagen.f    For  these  exi^eriments 

V^ 
0.5  ^ —   was  allowed  for  head  lost  at  entrance  (square-edged).     This 

may  not  be  quite  correct.  The  pipes  were  short,  being  1.55,  3.57  and 
3.42  ft.  long,  for  the  small,  medium  and  larger  sized  pipes,  respec- 
tively. Any  other  allowance  for  entry  would  not  change  the  relative 
l^osition  of  the  lines  to  any  great  extent.  The  figure  has  been  in- 
troduced to  show  the  effect  of  temperature  in  the  critical-velocity  re- 
gion, particularly  for  greater  temperatures  than  the  writers  could 
obtain,  and  also  to  verify  the  indications  of  the  present  experiments. 
The  principal  point  to  be  brought  out  is  that  the  change  takes  place 
at  higher  velocities  for  lower  temperatures.  J    The  change  to  the  power 

*  Proceedings,  Royal  Society,  London.  Vol.  a5,  1883. 

t  "  Abhandlungen  der  Berliner  Akademie,"  1854. 

X  Some  recent  experiments  substantiating  this  very  point  came  to  the  writers"  notice 
after  this  paper  had  been  written.  They  are  by  Messrs.  E.  G.  Coker  and  S.  B.  Clement, 
and  a  record  of  them  appeared  in  the  Transactionf!  of  the  Royal  Society,  Series  A,  Vol. 
201,  pp.  4.5-61.  A  single  brass  pipe,  0.3779  in.  in  diameter  and  6  ft.  long,  was  used.  The 
experiments,  also,  check  closely  the  temperature  factor  obtained  by  the  writers  for 
ordinary,  or  "  eddy  motion,"  flow.  The  range  of  temperatures  was  from  4  to  SO''  Cent., 
or  39  to  122°  Fahr.  The  interesting  point  is  made  that  the  intersections  of  the  lines  for 
ordinary  and  for  "  stream  line  "  flow  vary  as  the  viscosity  of  the  water. 
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1.75,  takes  place  on  Piije  XVI  at  a  velocity  of  3.5  ft.  at  70°  and  at 
about  5  ft.  for  40^.  Particular  attention  is  also  called  to  the  crossing 
of  the  lines,  and  to  the  fact  that  where  the  loss  is  proportional  to  the 
first  power  of  the  velocity  the  diflference  in  head  for  any  certain  temper- 
ature interval  is  many  times  greater  than  where  the  loss  is  proportional 
to  the  1.75  power  of  the  velocity.  For  Pipe  XVI  a.  line  is  also  obtained 
for  75  degrees.  In  some  pipes,  Pipe  /X for  example,  where  two  sec- 
tions show  very  slight  differences  under  regular  conditions  of  flow,  the 
differences  are  magnified  below  the  critical  velocity. 

The  interesting  question,  however,  in  connection  with  the  critical 
velocity,  is  whether  it  is  an  element  to  be  considered  for  the  velocities 
and  pipe  diameters  used  in  practice.  On  the  basis  of  the  experiments 
on  brass  pipe,  and  assuming  that  there  is  a  continuity  of  law  where  ex- 
tended to  diameters  greater  than  those  experimented  upon,  the  ques- 
tion may  be  given  an  approximate  answer.  The  question  involves 
the  determination  of  the  relation  between  the  pipe  diameter  and 
the  velocity  at  which  the  power  of  the  velocity  ceases  to  be  1.75. 

On  Plate  X  the  points  for  Pipes  XVI,  XV,  XIII,  IX  and  VII, 
may  be  determined  fairly  well  for  the  experiments  at  approximately  70 
degrees.  In  addition  to  these  points,  the  writers  have  also  the  evi- 
dence of  experiments  at  very  low  velocities  on  Pipe  //.  These  were 
made  early  in  1901,  in  connection  with  another  study  in  hydraulics. 
The  heads  were  measured  first  with  water  and  later  with  oil  gauges. 
The  region  of  critical  velocity  was  explored  thoroughly.  No  evi- 
dence of  the  phenomenon  was  found  in  the  first  68  ft.  of  pipe  down 
stream  from  the  5-in.  pipe.  For  this  section  the  ordinary-flow  equa- 
tion seemed  to  hold,  down  to  velocities  as  low  as  0.25  ft.  per  second. 
But,  in  the  succeeding  length,  corresponding  to  Section  A-B  in  the 
present  experiments,  the  gauges  showed  a  decidedly  unstable  condition 
of  flow  from  0.55  ft.  per  second  down  to  about  0.35  ft.  per  second.  The 
temi^erature  of  the  water  for  these  experiments  was  about  40  degrees. 

The  critical-velocity  points  seem  to  lie  ajiproximately  on  a  straight 
line.  Such  a  line  was  drawn,  and  the  intersections  with  the  70°  lines 
of  slope,  1.75,  were  marked.  The  velocities  thus  determined  were 
then  plotted  logarithmically,  with  respect  to  the  diameters,  and 
from  this  jjlotting  the   law  for  impending  critical  velocity  at  70^  ap- 

IDears  to  be  F=  -^77^4.     This  expression,  being  only  roughly  api^roxi- 
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mate,  may  be  replaced  by  F=  '-^  {(I,in  feet).  For  40^  there  are 
only  two  points,  namely,  Pipes  XT/ and  //,  but  these  indicate  the  law 
expressed  by  k  ==  toTTs"- 

The  older  series  of  experiments  do  not  include  many  with  velocities 
below  1  ft.  per  second,  and  the  critical  velocity,  therefore,  is  not  easily 
determined.  They  seem  to  indicate,  however,  that  the  velocities  at 
which  ordinary  conditions  are  established  are  somewhat  lower  than 
those  given  by  the  foregoing  formula.  However,  it  is  seen  from  the 
formula  that  the  change  in  condition  takes  place  at  very  low  velocities 
for  ordinary  sizes  of  pipe.  Moreover,  as  appears  from  Pipe  //,  it 
seems  that,  for  large  sizes,  a  long  length  of  straight  pipe  is  neces- 
sary to  allow  the  below-critical-velocity  flow  to  adjiist  itself. 

The  formula  given  determines  only  the  limiting  ^Doint  for  the  use 
of  the  jjower,  1.75.  The  lower  points,  where  the  loss  ceases  to  be 
directly  proportional  to  the  velocity,  are  approximately  on  the  same 
line  that  was  drawn  in  the  other  case,  but  the  intersections  must  now 
be   taken    with    the   lines   of   slope    1.     The  law  seems  to  be  about 

V=    '     '  .     This  law,  however,  is  not  of  as  much  interest  as  the  one 

ajsplying  to  the  upper  points. 

It  seems  that  the  qiiestion  of  critical  velocity,  while  of  considerable 
scientific  interest,  is  of  no  practical  importance  to  the  engineer;  but 
space  has  been  given  to  its  consideration  on  account  of  the  fact  that 
many  scientists  have  been  led  astray  in  attempting  to  apply  experi- 
mental data  from  very  small  i^ipes  to  pipes  used  by  the  engineer, 
simply   because  the  change  in  the  manner  of  flow  was  not  understood. 

Experiments  on  SMAiiL  Eubber  Hose. 

It  had  been  planned  to  perform  a  considerable  variety  of  experi- 
ments on  small  hose,  especially  as  regards  the  efifect  of  curvature 
on  the  loss  of  head.  Unfortunately,  there  was  not  enough  time  to 
follow  out  by  a  more  extended  experimental  study  the  interesting  and 
surprising  results  obtained. 

The  hose  were  fed  from  the  bottom  of  the  large  drum,  1.135  ft. 
internal  diameter  and  2. 167  ft.  long,  at  the  iip-stream  end  of  the  5-in. 
brass  pipe.  A  bushing,  a  1-in.  short  vertical  nipple,  a  1-in.  reducer- 
elbow,  a  |-in.  short  nipple,  a  |-in.  disc  valve,  and  bushings  into  which 
the  connecting  nijjples  of  the  hose  screwed,  were  the  fittings,  in  their 
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respective  order.  The  valve  was  wide  open  during  the  experiments, 
the  pressure  being  regulated  by  a  2-in.  valve  on  the  pipe  leading  into 
the  drum.  An  air-chamber  was  attached  to  the  top  of  the  drum,  and 
from  this  a  connecting  hose  led  to  a  two-column  mercury  gauge,  one 
arm  of  which  was  open  to  the  air.  In  all  the  experiments  the  hose 
were  allowed  to  drop  to  the  floor  (about  6  ft.  below  the  bottom 
of  the  drum)  and  laid  straight  (ciirve  exjDeriments  excepted,  of  course) 
along  it,  except  for  an  easy  return  curve  of  about  3  ft.  diameter  and  a 
slow  rise  to  the  sharp  downward  ewvve  at  the  discharge  end.  Thus 
the  entry  and  discharge  conditions  were  alike  in  all  experiments.  The 
level  of  the  discharge  end,  with  respect  to  the  gauge  scale,  was  deter- 
mined.    An  extreme  variation  of  0.1  ft.  might  have  occurred. 

In  Exjjeriments  Nos.  655  to  658  the  hose  was  laid  on  aboard  and  held 
in  i^osition  in  a  horizontal  plane  by  means  of  nails.  The  loops  oc- 
curred at  the  ends  of  the  board  where  the  hose  returned  on  itself. 
Except  at  the  ends,  the  curves  were  semicircles  alternating  in  direction 
of  curvature,  the  radius  being  the  same  as  when  the  hose  was  wound 
on  the  cylindrical  drum. 

The  hose  used  were  of  three-jjly,  cotton-insertion,  rubber  tubing 
with  smooth  interior  surfaces.  The  inside  rubber  lining  was  very 
heavy. 

It  has  been  the  established  idea  that  reversal  of  curvature  intro- 
duces about  twice  as  much  loss  of  head  as  the  same  amount  of  con- 
tinuous curvature,  the  length  of  i^ipe  being  the  same  in  the  two  cases. 
The  exjjeriments  on  Hose  A  contradict  this  so  flatly  that  it  can  only 
be  concluded  that  there  is  something  radically  wrong  with  the 
hypothesis  underlying  the  accepted  notion.  The  small  size  of  the 
hose  might  be  regarded  as  a  bar  to  the  serious  consideration  of  the 
results,  but  the  experiments  of  John  E.  Freeman,  M.  Am.  Soc.  C.  E., 
on  2.49-in.  hose*  are  somewhat  confirmatory.  Mr.  Freeman  found 
that  a  full  circle  of  2  ft.  radius  (9.65  diameters)  gave  practically  the 
same  excess  loss  over  straight  hose  as  that  given  by  four  quadrants 
of  the  same  radius,  but  introducing  two  reversals  of  curvature.  In 
figures,  the  full  circle  gave  5^%  less  excess  loss. 

In  the  curvature  experiments  on  Hose  A,  the  data  of  which  are 
given  in  Table  No.  8,  the  radius  of  curvature  was  2i|  ins.,  or  nearly 
eight   diameters.      The   amount   of   curvature   was   purposely   made 
large  so  that  the  effects  might  show  up  in  no  uncertain  manner. 
*  Transactions,  Am.  Soc.  C.  E.,  Vol.  XXI. 
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TABLE  No.  8. — Expebiments  on  Hose. 
Hose  A.     I  =  47.93  ft.     d  =  0..370  ins. 


No.  of 
experi- 
ment. 

Temp. 

Total 

acting  H, 

feet  of 

water. 

Loss  of  head, 
in  teet  per  100. 

Velocity. 

Remarks. 

647 

648 
649 
6.50 
651 
652 
6.53 
654 
655 
650 
657 
658 
659 

47.5° 

■■49"" 

■■49"" 
49.5 
51 
51 
51.2 

"5S.b" 
51 

49.01 

38.14 
27.  (»3 
14.18 
49.10 
38.14 
23.37 
11.23 
49.10 
38.14 
25.16 
13.34 
49.05 

98.7 

77.0 
54.6 
38.7 
99.9 
77.6 
47.5 
23.9 
99.4 
77.3 
51.0 
24.9 
98.9 

If  laid  as 

in  647  to 

650. 

8.431 

7.34:3 
6.066 
4.228 
7.248 
6.371 
4.886 
3.241 
7.733 
6.760 
5.423 
3.693 
8.418 

0.5  r—  allowed  for  entry;  647  to 

650   hose  laid  with  two  easy 
curves  in  addition  to  one  at 
beginning  and  one  at  end;  659 
same;  651  to  654  hose  wound 
in  a  spiral  of  33  complete  turns 
around    a   drum    of    5^    ins. 
diameter:  055  to  658, 39  curves, 
including  3  loops;  38  reversals 
of  curvature:   curves  of  same 
radius  as  in  651  to  654. 
In  curve  experiments  there  were 
curves  also  at  beginning  and 
end  as  in  647  to  650. 

75.5 
60.0 
37.3 
17.9 
84.6 
66.6 
45.0 
22.6 

Hose^,.     rf  =  0.380  in. 


684 

49 

49.09 

685 

49.5 

34.50 

686 

50.5 

16.73 

678 

60 

49.22 

679 

61 

36.63 

680 

63.3 

22.08 

681 

63.5 

8.86 

683 

50 

49.03 

683 

42.4 

74.05 

Hose 

687 

45 

48.10 

688 

44.5 

36.98 

689 

44 

24.79 

690 

44 

14.71 

691 

44 

7.85 

693 

36.5 

72.26 

693 

43.5 

48.80 

694 

43 

33.68 

695 

43.5 

18.77 

696 

44 

9.71 

697 

39 

74.39 

94.8 
66.7 
32.4 
47.9 
35.4 
21.6 
8.7 
49.1 
73.8 


7.640 
6.307 
4  273 

5.4881 
4.674',    - 
3.504  I  ^ 

2.103  r§ 

5.393  I  |£ 
6.787J 


0.5  —  allowed  for  entry. 

I  =  50.28  ft. 

Used  A  +  Ay  (1  =  98.58  ft.)  and 
subtracted  A,  using  a  diagram 
based  on  Experiments  647  to 
650. 


Hose  5,.     ^  =  11.87  ft.     rf  =  0.504  in. 


340.5 
262.5 
176.3 
104.9 
56.3 
511.1 


'18.076 
15.781 
12.854 
9.829 
7.078 
33.340 


V- 
0.5  =—  allowed  for  entry. 
2g 


Hose  B.     d  =  0.519  in. 


77.1 
53.2 

29.9 

15.7 

116.7 


7.7311 
6.370  1  Oi 
4.649  1-  u 
3.243  I  P 
9.728J  "^ 


Used  Bi+B  (I  -  61.83  ft.)  and 
subtracted  B,,  using  a  diagram 
based  on  Experiments  687  to 
693. 


Hose  a     I  =  14.37  ft.     d  =  0.254  in. 


698 

69 

60.5 

58.5 

58 

58 

60 

63 

50.5 

47 

44 

43 

49.56 
36.63 
34.73 
14.48 
8.17 
4.53 
49.31 
49.14 
48.99 
75.00 
49.81 

335.9 

340.8 

163.8 

95.6 

54.1 

30.1 

334.4 

332.7 

331.9 

490.7 

337.3 

10.750 
9.355 
7.530 
5.637 
4.083 
3.973 
10.757 
10.815 
10.750 
13.764 
11.088 

V- 
0.5^ — allowed  for  entry. 

699 

700 

701 

703 

703 

704 

705 

706 

707 

708 
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The  most  surprising  result  was,  that,  although  each  series  showed 
a  most  decided  effect  ou  the  loss  of  head  and  the  discharge,  the  value 
of  n,  in  the  formula  H  r=  m  V'\  remained  practically  constant,  the 
large  changes  being  in  the  value  of  7n.  (There  is  a  small  increase  for 
the  case  of  reversed  curvature.)  Should  this  result  be  confirmed  by 
further  experiments  along  this  line,  it  will  have  an  important  bearing 
on  the  subject  of  the  nature  of  the  resistances  which  cause  loss  of 
head  in  a  pij^e.  For  it  would  appear  that  the  value  of  the  exj^onent,  ii, 
is  determined  solely  by  the  nature  of  the  inner  surface  of  the  pipe, 
while  771  depends  on  the  distribution  of  the  velocities  throughout  the 
cross-section,  and  on  the  temperature. 

The  fact  that  the  reversed  curves  caused  only  about  half  as  much 
increase  of  resistance  as  the  continuous  curves  is  certainly  something 
to  think  about.  It  is  to  be  hoped  that  further  and  more  elaborate 
experimentation  may  bring  out  the  laws  which  govern  the  resistances 
in  various  cases  of  flow  in  curves.  It  may  not  be  out  of  place  to 
suggest  the  bearing  of  such  studies,  not  only  on  sinuous  supply 
mains,  but  also  on  the  flow  in  turbine  wheels. 

The  results  of  the  experiments  on  the  hose  when  laid  with  easy 
curves  and  tangents  are  of  interest  in  their  relation  to  the  results  of 
the  brass  and  galvanized  pipes.  The  values  of  in  and  n,  as  obtained 
from  a  logarithmic  iilotting,  are  as  follows : 

»i,  in  feet 
Hose.  Diameter.  per  100  ft.  n. 

A 0.370  in 2.24 1.78 

B 0.519"   1.82 1.82 

5, 0.504  "   1.32 1.91 

C 0.254  "   4.2   1.81 

The  experiments  on  By  were  made  with  high  velocities  (7  to  22  ft. 
per  second),  and  it  is  probable  that  the  usual  allowance  for  entry  loss 
is  insufficient,  the  velocities  in  the  f-in.  fittings  being  considerable. 
The  high  value  of  n  and  the  low  value  of  m  bear  out  this  statement. 
Hose  B  is  free  from  this  objection. 

Especial  attention  is  called  to  the  low  values  of  7i  for  Hose  A,  B 
and  C. 

EXPEKIMENTS   ON   EnTEY   LoSS. 

The  writers  made  some  experiments  to  investigate  the  commonly 
accepted  value   for  loss    of  head  due  to  a  square-edged  entry.     The 


FLOW    OF    WATER   IN    PIPES.  303 

experiments  were  made  on  Pipes  II  and  X.  For  Pipe  7/tbecycloidal 
mouthpiece  at  the  junction  of  the  S-in.  brass  pijie  -was  replaced  by  a 
sjiecially  turned  brass  bushing  with  a  plain  inside  face.  The  oiJening 
in  this  is  2.096  ins.  in  diameter,  the  same  as  Piezometers  A  and  B. 
Section  A-B  of  Pipe  Ilvfas  moved  up  stream  next  to  the  5-in.  pipe, 
and  Piezometer  A  was  inserted  between  the  first  two  pipe  lengths  of 
the  section.  The  slight  ridge  where  the  pipe  was  screwed  up  against 
a  shoulder  in  the  bushing  was  smoothed  down.  The  entry  length  of 
Pipe  X,  likewise,  was  screwed  into  a  brass  bushing,  giving  a  square- 
edged  entry.  An  air-chamber  was  substituted  for  the  end  air-cock  on 
top  of  the  header,  and  the  pressure  was  taken  from  this.  The  diameter 
of  the  header  (2^  ins.)  is  so  large,  relatively  to  Pipe  X,  that  practically 
static  conditions  prevailed.  For  Pipe  II,  however,  the  eflfect  of  the 
small  velocity  in  the  5-in.  pipe  on  the  up-stream  piezometer  has  been 
considered. 

The  results  are  given  in  Table  No.  9.     It  will  be  seen  that  the 

values  for  Pipe  //  check  fairly  the  accej^ted  value,  0.5  k^.     Pipe  X, 

^  9 
however,    gives   lower    indications,    the   values    seeming    to    average 

about  ^^ — .  These  results  indicate  the  possibility  of  a  higher  value 
than  0.5  X—  for  pipes  of  commercial  size. 

Extent  of  Entry  Disturbances  in  Succeeding  Tangent. 
The  experiments  on  Pipe  //  seem  to  show  that  the  piezometric 
effects  of  a  square-edged  contraction  do  not  extend  78  diameters 
down  stream.  Section  A-B  gives  normal  results.  In  Pipe  X,  on 
the  other  hand,  Experiments  666  to  670  show  that  43  diameters  are 
not  sufficient,  for  both  the  high  results  for  entry  loss  and  the  low 
results  for  the  loss  in  Section  A-B  show  that  Piezometer  A  was  in 
the  abnormal-flow  region.  With  these  results  the  evidence  obtained 
by  the  writers  on  the  effects  of  curves*  should  be  compared. 

Practical   Deductions. 
The  engineer  will  ask:  "  Of  what  use  are  refined  laboratory  experi- 
ments on  pipes  with  conditions  never  met  in  practice?"     Waiving  the 
answer,  for  the  present,  let  us  examine  the  evidence  to  be  had  on  the 
general  subject  of  the  flow  of  water  in  pipes. 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  XL VII,  p.  317. 
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Observed  liead  in 
water    in   sec- 
tion    between 
Piezometer    in 
5-in.     pipe    to 
piezometer     A 
in  2-in.  pipe. 
Double  centi- 
meters. 

39.92 

29.95 
10.81 
19.40 

Observed  head  in 
Section  A-B  in 
water. 

Double  centi- 
meters. 

i-'OtO    o» 

gs"s  g 
II  II  II   II 

000  _o 

if^CJTlt.      it*- 

p  p  p'^jT^ 

Loss    of    head    due   to 
entry,  A-B  considered 
normal. 
Double  centimeters. 

5.611 

4.811 
2.594 
3.761 

"Velocity  in 
Pipe  II,  in 
feet     per 
second. 

0 

1 
a 
H 

<B 

■-! 

B 

w 

The  up-stream  section  consists  of  3.5  ft.  of 
5-in.  pipe  and  13.543  ft.  of  2-in.  pipe.  Length 
A-B  —  44.635  ft.  Square-edged  contraction. 

Remarks. 
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Wherever  possible,  tlie  original  records  of  experimental  data  have 
been  consulted.  By  the  method  of  logarithmic  plotting  of  losses  of 
head  with  velocities,  some  150  series  of  experiments  have  been  inves- 
tigated, and  the  values  of  m  and  n  determined.  The  writers  early 
came  upon  the  necessity  of  either  considering  all  the  evidence,  or  else 
of  running  the  risk  of  making  errors  in  judgment  and  perhaps  of 
allowing  partiality  more  play  than  desirable  in  such  a  study. 

In  the  preliminary  plotting,  all  experiments  which  had  been  inves- 
tigated were  considered.  In  the  final  plotting  many  are  left  out. 
But  the  writers  can  state  conscientiously  that  the  conclusions  are  not 
altered  thereby.  The  experiments  omitted  from  the  plotting  are 
mostly  old  German  and  English  experiments,  the  exact  conditions 
and  methods  of  measurement  being  generally  unknown.  If  they  were 
included  (and  the  writers  were  sorely  tempted  to  do  so  on  account  of 
the  indications  of  most  of  them)  they  could  not  be  given  much  weight, 
no  matter  what  the  indications,  on  account  of  this  uncertainty. 

Considering  now  the  general  subject,  there  is  presented  on  Plate 
XI  a  logarithmic  plotting  of  the  values  of  m  (as  determined  from 
plottings  of  each  series  of  experiments),  Avith  the  diameters  of  the 
pipes.  It  will  be  noticed  that  the  values  of  n  are  marked  near  the 
points.  These  serve  as  descriptions  of  the  n^ature  of  the  pipe,  from 
the  experimental  standpoint.  In  addition  to  this,  the  material  is  also 
indicated.  This  latter  is  the  engineer's  description,  and  is  usually 
far  from  complete,  but,  with  the  assistance  of  the  knowledge  of  the 
value  of  n,  the  indications  can  be  discussed  more  rationally. 

It  will  be  seen  that  the  range  of  pipe  diameters  varieg  from  -n;  in. 
to  12  ft.  A  very  casual  examination  will  show  that  all  the  jDoints  lie 
in  a  comparatively  narrow  zone  and  hence  indicate  some  exponential 
relation. 

First  of  all,  the  line  best  fitting  the  points  for  the  writers'  brass 
pipes  has  been  drawn.  On  account  of  the  very  considerable  effect  of 
temperature  on  the  value  of  m,  the  middle  points,  for  55°,  have  been 
used.  There  are  plotted,  also,  the  points  for  40°  and  70°,  but  these 
are  not  used,  except  to  convey  to  the  eye  the  magnitude  of  tempera- 
ture effect. 

The  variations  in  the  value  of  n  for  the  seamless-drawn  brass  pijjes 
(all  apparently  of  the  same  degree  of  roughness),  have  been  noted. 
Hence,  corresponding  indications  due  to  the  values  of  m  are  to  be 
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expected,  and  the  variations  from  tlie  line  which  has  been  drawn  are 
seen  on  Plate  XI. 

One  feature  will  be  noticed  at  once.  The  line  for  the  brass  pipes 
forms  the  lower  limit  of  the  zone  in  which  all  the  plotted  points  lie. 
This  is  another  way  of  stating  that  these  pipes  represent  the  extreme 
of  smoothness  and  ideal  conditions.  The  equation  of  this  line,  neg- 
lecting the  third  place  of  decimals  in  the  exijonent,  is 

0.296 


d  1-^^ 
in  which  m  is  in  feet  per  1  COO  ft.,  and  d  is  in  feet.     Placing  this  value 
in  the  general  expression,  H  =^  m  F",  and  iising  the  average  value  of 

n,  there  results 

zr       0-296  ,, 

d  1-^^ 
in  which  H\^  in  feet  per  1  000  ft.,  and  dis  in  feet.  This  expression, 
then,  gives  the  loss  of  head  for  extremely  smooth  pipes  laid  straight. 
But  this  is  not  all.  There  occur  maximum  variations  in  the  value  of 
m  of  approximately  1%  each  way  from  the  line  of  this  equation. 
Hence,  it  is  seen  that  this  variation  must  be  taken  into  account. 
There  is  also  an  effect  due  to  the  variation  in  n,  and  this  may  become 
considerable  for  high  velocities.  It  is  not  as  prominent  a  factor  in 
the  smooth  brass  pipes  as  in  pipes  used  in  practice,  but  it  is  pointed 
out  as  something  to  be  borne  in  mind.  The  writers  might  wish,  as 
many  hydraulic  engineers  have  wished,  that  there  was  less  uncertainty 
in  designing  pipe  systems,  but,  since  it  exists,  its  probable  extent 
should  be  made  an  integral  part  of  any  formula.  Therefore,  concerning 
smooth  brass  pipes,  under  nearly  ideal  conditions,  it  becomes  necessary 
to  write,  for  the  general  expression, 

0.296  .^^ 

Looking  at  this,  and  remembering  the  long  months  of  monotonous 
experimentation,  the  care  taken  to  have  everything  accurate,  the 
temperature  factor,  which  alone  may  cause  a  variation  as  large  as  that 
given  above,  the  writers  feel  that  it  nevertheless  represents  a  step  in 
advance;  for  while  it  does  not  tend  to  make  hydraulic  science  any 
more  exact,  it  at  least  helps  to  make  it  safer  in  application. 

Modifying  the  above  formula,  there  is  obtained  the  expression 
F=104s°-5''  c?°-^*  ±4%; 
or,  using  the  "  hydraulic  mean  radius," 

F=  279  s" -5 7  i?"-''  ±^%. 


Values  of  ill  for  losses  in  feet  per  1000. 


Values  of  m  for  losses  in  feet  per  lOuO. 
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FLOW  OF  WATER  IN  ■■.■■^.■. 


Values  of  m.  for  losses  in  feet  per  1000. 


Values  of  m  for  losses  in  feet  per  1000. 
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In  tliese  last  expressions,  s  is  the  liydranlic  slope,  in  feet  per  foot 
of  length.  In  these  expressions,  temperatiire  effect  has  not  been  in- 
cluded. As  has  been  stated,  the  effect  is  to  vary  the  loss  of  head  about 
4%  for  a  change  of  10°  Fahr.  Owing,  however,  to  the  uncertainty 
regarding  the  effect  on  the  rougher  pipes  used  in  practice,  the  writers 
feel  that  its  insertion  might  be  misleading. 

Commercial  Pipes. — Considering  now  the  kinds  of  pipes  used  in 
practice,  the  writers  desire,  first  of  all,  to  call  attention  again  to  the 
indications  of  their  experiments  on  galvanized- iron  pipes.  It  is  seen 
that,  not  only  is  there  a  variation  in  the  exponent,  7i,  from  1.80  to  1.96, 
but  that  Pipe  XVIII,  although  having  but  two-thirds  the  internal 
sectional  area  of  Pipe  XVII,  nevertheless,  has  a  decidedly  greater  dis- 
charging capacity  per  unit  of  sectional  area,  or,  in  other  words,  offers 
less  resistance  to  the  floAV,  for  the  same  velocity.  Nevertheless,  to  the 
eye,  all  the  j^ipes  appear  to  be  of  the  same  degree  of  roughness. 
These  two  facts  throw  a  strong  illumination  on  the  hitherto  unac- 
countable variations  in  the  results  of  standard  experiments. 

Although  Darcy's  experiments  showed  clearly  the  effect  of  varia- 
tions in  roughness  which  were  easily  perceptible,  and  which  could 
be  described  so  as  to  be  recognized  by  ordinary  inspection,  yet  the 
hydraulic  literature  of  the  past  decade  or  two  bears  out  the  statement 
that  the  extent  of  the  effects  of  variations  in  character  of  surface 
which  practically  defy  detection  have  not  been  apjareciated.  Other- 
wise, how  can  we  account  for  statements  by  well-known  engineers  that 
certain  formulas  will  give  results  within  2  or  3%  of  the  truth? 

Turning  again  to  the  general  plotting  on  Plate  XI,  we  have  to 
consider  the  experiments  which  lie  in  the  zone,  one  of  the  limits  of 
which  is  the  line  already  discussed.  Attention  should  be  called  to 
the  fact  that  some  of  the  series  of  experiments  do  not  show  much 
harmony  in  the  indications,  and  that,  therefore,  it  is  a  matter  of  judg- 
ment just  where  to  draw  the  line  on  the  logarithmic  plotting  of  the 
losses  of  head  and  velocities.  Hence,  the  values  of  m  and  n  have  the 
effects  of  the  personal  equation.  But  the  two  values,  taken  together, 
represent,  as  well  as  may  be,  the  conditions  in  the  range  of  the  series 
under  investigation. 

It  will  be  seen  that  the  variations  in  the  value  of  the  exponent,  n, 
are  greater  than  the  variations  found  by  the  writers  for  the  galvanized 
pipes.     Outside  of  the  heavily  tuberculated  and  riveted  pijjes,  this 
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variation  is  from  1.74  to  2.00.  The  exponents  given  for  tlie  series  by 
Herscliel  and  by  Darcy  represent  fairly  the  jjoint  wliicli  lias  been 
made.  The  values  of  m  and  n  for  the  30-in.  pipe  of  Williams,  Hubbell 
and  Fenkell  have  been  furnished  to  the  writers  by  Professor  Williams. 
They  are  the  result  of  a  plotting  of  the  original  data,  on  their  own 
merits.  * 

It  will  be  seen  that  a  line  parallel  to  the  one  already  drawn  will 
represent  fairly  the  other  limit  of  the  zone.  The  experiments  which 
determine  this  line  are  those  by  Darcy  on  tuberculated,  cast-iron  pipe, 
and  some  of  those  by  Herschel,  and  some  by  Marx,  Wing  and  Hoskins 
on  riveted-steel  pipe.     Noble's  44-in.  wood-stave  pipe  also  comes  close 

0.687  ,  ,  ,. 
to  this  line.  The  equation  is  m  =  ■  ^s  •  ^^  ^^'^'  ^^^  general  equa- 
tion, we  have  a  variation  in  the  value  of  w  from  1. 67  to  1 .  99.  The  value, 
1.67,  from  Herschel's  36-in.  pipe,  is  lower  than  anything  else  on  the 
plate.  The  writers  consider  that  this  value  is  questionable,  although 
it  is  what  the  series  of  experiments  gave.f  Hence,  the  variation  in  n 
will  be  considered  as  from  1.82  to  1.99,  and  the  general  formula 
becomes 

in  which  His  in  feet  per  1  000  ft.,  and  d  is  in  feet.     Converting  this 

into  the  other  form,  there  appears 

F=  54.7  to  38.9  so-'^s  to  o.so   ^o.aa  to  o.63_ 

Using  the  hydraulic  radius,  this  becomes 

Y  =z  142  to  93  s°  '^^  *°  °  •*"  r  "•^®  *°  o  .6  3_ 

The  two  sets  of  equations  thus  far  given,  then,  may  be  regarded  as 
giving  the  two  extremes,  the  first  for  very  smooth  pipes  laid  very 
straight,  and  the  second  for  a  considerable  degree  of  tuberculation  (or 
an  inner  surface  comparable  to  it). 

But  neither  one  of  these  formulas  represents  the  great  majority  of 

cases  which  confront  the  hydraulic  engineer.   These  latter  are  included 

in  the  zone  bounded  by  the  full  line  and  the  middle  line  on  Plate  XI. 

mu  1  ,  *  -iTA^  of.a  rr,  ^-  •  0.296 toO.469 
The  values  oi  n  vary  from  1. 74  to  2. 00.  The  equation  is ;?»  = ,  _„- 

and  the  general  expression  becomes 

0.296  to  0.469  ^,.,,,,,.00 

*  Not  as  described  in  Transactions,  Am.  Soc.  C.  E.,  Vol.  XLVII,  pp.  113  and  188. 
+  Mr.  Herschel,  Himself,  questions  the  reliability  of  seven  out  of  eight  experiments. 
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In  the  second  form,  this  gives 

F=107to46s"--''  to  "-^^  c/"-"2  to  0.02^ 

or 

V  =  289  to  109  s"-^''  to  0.50  ,,  0.72  to  o.62_ 

This  last  series  of  equations  may  be  said  to  represent  the  range  of 
results  which  the  best  modern  experimenters  have  obtained  on  actual 
pipe  lines  in  service  or  ready  for  service.  The  range  of  values  is 
large,  but  the  writers  do  not  desire  to  narrow  the  analysis  any  more 
at  present.  Their  purpose  will  have  been  accomplished  if  this  paper 
serves  to  bring  out  some  of  the  factors  which  have  been  neglected  or 
not  fully  appreciated  in  the  jsast.  Above  all,  it  is  hoped  that  a  vigor- 
ous discussion,  in  the  true  scientific  spirit,  may  result,  and  that  less 
of  personality  and  more  of  the  truth  may  appear  than  is  wont  to  be 
the  case. 

The  experiments,  the  data  of  which  are  given  in  this  paper,  were  performed  between 
February  24th,  1902,  and  February  25th,  1903.  Experiments  Nos.  25  to  771  were  performed 
after  July  10th,  1902.  Earlier  preliminary  experiments,  during  1901,  are  noted  in  the 
paper. 

The  original  notes  and  the  data  tabulated  from  them  are  on  file  in  the  Hydraulic 
Laboratory  of  the  College  of  Civil  Engineering  of  Cornell  University,  where  they  are 
available  for  examination  at  any  time. 
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DiscDSSiON  OF  Theobies. 

The  writers  do  not  venture,  at  present,  to  give  any  hypothesis 
showing  why  the  exj^onent  for  smooth  jDii^es  should  be  1.75.  They 
mex-ely  give  it  as  an  exi^erimental  fact. 

There  has  been  an  attempt,  however,  to  ex^^lain  the  matter  by  say- 
ing that  the  resistance  is  really  composed  of  two  parts,  one  due  to  the 
true  friction  on  the  pipe  wall,  and  depending  on  the  first  power  of  the 
velocity,  and  the  other  due  to  the  impacts  of  the  i^articles  on  each 
other  and  dei?ending  on  the  square  of  the  velocity.  The  theory  states 
that  the  composition  of  these  two  parts  will  be  equivalent  to  one  term 
with  the  power,  1.75.  The  formula  which  expresses  this  idea  is 
Hf  =  xV-{-  yV^,  X  and  y  being  coefficients,  the  values  of  which  are  to 
be  determined.  Since  this  formula  (or  its  many  modifications)  has 
been  used  extensively,  and  since  it  expresses  the  idea  put  forth  above, 
the  writers  have  investigated  it,  to  see,  if  in  this  form  or  in  any  of  its 
modified  forms,  it  can  be  made  to  represent  accurately  a  series  of 
exi^erimental  results. 

In  order  to  determine  the  values  of  the  coefficients  x  and  y,  at  least 
two  methods  have  been  in  vogue.  The  first — the  method  of  least 
squares — is  allowable  only  on  condition  that  the  coefficients  are  proved 
to  be  constants,  otherwise  the  formula  derived  and  its  limits  of  error 
apply  only  to  thos6  experiments  which  are  iised,  and  its  ajiplication 
may  be  limited.  The  second  method — a  graphical  one — is  for  this 
reason  more  general,  but  in  most  cases  in  which  it  has  been  applied  it 
has  not  been  carried  to  completion.  It  consists  in  obtaining  first  a 
series  of  equations  in  x  and  y  by  substituting  the  observed  values  of 
Hf  and  V.  These  equations  may  be  represented  by  straight  lines,  and, 
if  X  and  y  are  constants,  all  these  lines  should  pass  through  one  jjoint 
the  coordinates  of  which  are  the  desired  values.  Ordinarily,  however, 
it  is  said  that  the  lines  will  not  pass  through  a  point,  but  will  enclose 
a  small  area,  and  in  such  a  case  the  coordinates  of  the  center  of  gravity 
of  the  area  are  the  values  of  x  and  y.  This  method  has  been  applied 
by  the  writers  to  a  number  of  series  of  experiments,  and  in  no  case,  if 
a  suitable  scale  were  used,  did  the  lines  jjass  through  a  j^oint  or  enclose 
an  area.  In  every  case  the  lines  formed  a  series  of  tangents  to  a 
regular  curve  similar  to  one  branch  of  a  hyperbola,  and  to  which  the 
axes  were  apparently  asymptotic.  This  showed  clearly  that  x  and  y, 
instead  of  being  constants,  were  really  functions  of  V.  Further  in- 
vestigation also  showed  that  x  and  y  were  always  such  functions  of  V 
that  the  final  result  was  that  obtained  by  a  direct  logarithmic  jjlotting. 
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For  example,  if  the  logarithmic  plotting  leads  to  Hj-^m  F'-^',  this 
method  leads  to  H^  ^  x  V  +  i/ V- ^  {a  V  ^•'^)  V  +  {h  v-"-^")V^  = 
[a  +  b)  F'-"°.  If  it  is  admitted  that  Hj,  =  m  F'-'"  represents 
accurately  the  relation,  it  can  also  be  proved  mathematically 
that  any  attempt  to  express  the  relation  in  two  terms  will  lead 
to  variable  coefficients,  and  finally  result  in  the  same  way  as  shown 
above. 

A  more  general  expression,  ^y=  a  V-\~  b  V^  -\-  c,  is  sometimes  used. 
It  can  be  shown,  also,  that  a,  b  and  c  will  be  functions  of  V.  In  a 
number  of  cases  where  this  form  has  been  used,  negative  values  of  c 
have  resulted  when  a,  b  and  c  have  been  found  by  least  squares.  These, 
surely,  are  not  easily  interpreted. 

The  foregoing  investigation  shows  that  the  explanation  given  for  the 
j)resence  of  the  exponent,  1.75,  and  which  is  expressed  by  the  Prony 
formula,  Hf^=x  V  -{-  y  V'^,  by  those  who  hold  to  this  idea,  is  question- 
able. It  also  shows  that  all  formulas  which  involve  V^  in  any  way  will 
also  involve  in  general  a  coefficient  dejjending  on  V.  The  exception 
consists  in  the  fact  that  a  very  few  experiments  on  pijjes  do  show  an 
exponent  of  2.     As  is  readily  seen,  we  thus  account  for  the  variables, 

I     y^  

/"and  c,  in  the  familiar  formulas,  i/=  4  /— —  - —  and  F  =  CV  7-  s.     Of  all 

a     2  g  ^ 

the  forms  yet  advanced,  the  only  one  which  will  represent  the  condi- 
tions at  all  accurately  is  the  one  the  writers  have  adopted,  H^  =  ni  F", 
and  n.  is  to  be  determined  for  each  series  of  experiments.  It  will  be 
seen,  of  course,  that  the  formula,  V=  G  r'^  .s'',  is  merely  a  modification 
oi  Hf.  =  m  F",  m  being  dependent  on  d. 

The  writers,  for  a  time,  had  the  idea  that  the  reason  for  the  exponent 
of  F  being  diff'erent  from  2  might  lie  in  not  distinguishing  between 
the  square  of  the  mean  velocity  and  the  sum  of  the  squares  of  the  indi- 
vidual velocities  throughout  the  cross-section  of  the  pipe.  (They 
fully  recognized,  however,  the  fact  that  the  idea  of  flow  in  i^arallel 
filaments  is  merely  a  theoretical  convenience. )  They  therefore  have 
investigated  the  question  as  to  what  power  of   F^  will  give  the  same 

result  as ^-      The  supposition  that  the  velocity  curve  is  an  ellipse, 

led  to  results  which  indicated  that  their  view  was  correct.  The  ex- 
ponent of  F^  had  a  value  of  2  for  a  velocity  of  8  ft.  per  second,  and 
decreased  for  lower  velocities.  For  a  velocity  of  1  ft.  per  second,  many 
peculiarities  in  the  values  of  the  exponent  were  shown  similar  to  those 
which  the  present  experiments  show  in  the  critical-velocity  transition 
stage.  However,  the  best  test  of  theory  is  experiment,  and  when  a 
series  of  Pitot  tube  traverses  was  investigated,  there  was  found  the 

2  V' 
experimental  fact  that  the  relation,  F„j'  = ,-  ,  holds  almost  exactlv 

in   every   case.     While  proving  that   the    proposed   exjDlanation   was 
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incorrect,  this  fact  will  doubtless  be  of  value  to  those  who  are 
interested  in  determining  the  true  form  of  the  velocity  curve. 

In  connection  with  the  value,  1.75,  obtained  for  the  exponent  on 
brass  pipes,  it  will  doubtless  be  of  interest  to  mention  the  fact  that 
Hagen  gives  the  following  relation  for  obtaining  the  volume  of  a  unit 
weight  of  water  at  any  temperature : 

where  t  is  the  temperature,  x  the  temjierature  at  the  greatest  density, 
G  the  volume  of  a  unit  weight  at  the  temperature  t,  and  v  that  at  the 
temperature  :c.  The  writers  would  not  venture  to  say  that  there  is 
any  connection  between  this  exponent,  1. 743,  and  the  exponent  which 
they  obtain  for  smooth  pipes.  The  coincidence,  however,  is  interest- 
ing. 
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DISCUSSION. 


A.  FiiAMANT,  Esq.*  (by  letter). — Tliis  paper  is  exceedingly  interest-  Mr.  Flamant 
ing.  For  brass  pipes  of  small  diameter,  the  exjieriments  confirm  the 
law  of  variation  of  resistance  projjortionate  to  the  power,  1.75,  of  the 
mean  velocity,  the  law  which  the  writer  applied  in  1892  f  to  pipes  of 
cast  iron  in  ordinary  iise,  and  for  which  he  has  drawn  up  numerical 
tables,  etc. 

But,  on  the  other  hand,  the  authors  find,  for  galvanized  pities,  a 
variation  proportionate  to  the  power,  1.90  (about),  of  the  velocity; 
which  seems  to  indicate  that  the  exponent  of  F  varies  with  the  condi- 
tion of  the  interior  surface  of  the  pipes. 

Fi'om  this  point  of  view,  it  would  be  interesting  to  make  new  ex- 
periments with  pipes  of  different  materials,  such  as  glass,  earthen- 
ware, wood,  wrought  iron,  cast  iron;  or,  jaerhaps  more  sim^jly,  to 
ascertain  the  effect  of  an  interior  coating  of  paint,  tar  or  some  similar 
material.  Perhaps,  by  making  a  sufficient  number  of  experiments, 
comparative  among  themselves,  one  could  formulate  a  definition  or  a 
more  exact  indication  of  what  is  called  the  rugosity,  and.  which,  accord- 
ing to  the  authors,  seems  to  influence  not  only  the  coefficient,  in,  of 
their  formula,  but  also  the  exponent,  7^ 

As  to  the  effect  of  temperature,  the  wi'iter  believes  that  it  is  espec- 
ially appreciable  because  the  diameters  of  the  pipes  experimented 
upon  are  small.  This  effect  ought  to  diminish  rapidly,  as  the  diameter 
increases,  and,  for  the  usual  diameters,  should  become  entirely  negli- 
gible. This,  at  least,  seems  to  have  been  established  by  M.  V.  Fournie, 
in  an  article  J  from  which  the  conclusions  are  qiioted  by  the  writer  on 
page  144  of  the  second  edition  of  his  work  on  "Hydraulics  "  (Paris, 
1900). 

Although  it  was  known,  the  confirmation  of  the  increase  of  flow, 
with  the  temperature,  for  pipes  of  small  diameter,  is  interesting. 
The  writer  is  surprised,  therefore,  that  this  variation  has  been  found 
so  nearly  the  same  for  the  veiy  small  diameters  (as  of  Pipes  XIV,  XV 
and  XVI),  as  for  the  larger  (as  Pipes  //,  III  and  IV).  It  would  be 
useful  to  ascertain  whether  the  same  effect  would  continue  to  appear 
in  pipes  of  the  usual  diameter,  20  cm.  to  1  m.,  for  example. 

On  the  whole,  the  work  of  Messrs.  Sajih  and  Schoder  has  brought 
out  a  valuable  collection  of  i^recise,  experimental  facts  which  will  be 
very  useful  for  the  solution  of  this  difficult  jsroblem,  and  which  seem 
to  be  esi^ecially  of  a  nature  to  solve  new  questions  of  detail,  which 
makes  it  desirable  that  these  capable  observers  should  continue  their 
researches. 

*  Ingenieur  des  Fonts  et  Chaussees. 

\  Annnles  des  Fonts  et  Chaussees,  September,  1893. 

XAnnales  des  Fonts  et  Chaussees,  1898,  3e  Trimestre. 
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Mr.  Mills.  Hiram  F.  Mills,  Esq.  (by  letter). — The  writer  has  examined  with  a 
good  deal  of  care  most  of  the  experimental  results  presented  by 
Messrs.  Saph  and  Schoder,  and  must  express  his  cordial  api^reciation 
of  the  care  and  skill  with  which  this  series  of  experiments  has  been 
planned  and  executed.  The  educational  institution  that  prepares 
men  for  and  fosters  such  work  is  to  be  highly  commended. 

The  data  furnished  by  the  observations  are  a  valuable  addition  to 
the  science  of  hydraulics,  and  worthy  of  the  careful  study  of  its 
students.  They  give  a  distinct  addition  to  our  knowledge  of  the  effect 
of  temperature  upon  the  flow  of  water  in  pipes,  and  it  is  desirable  that 
still  further  knowledge  be  obtained  upon  this  subject,  for,  while  these 
experiments  uj^on  small  smooth  pipes  bring  out  the  effect  in  a  very 
marked  degree,  the  effect  is  not  to  be  neglected  in  larger  pipes  used  in 
water-works. 

The  most  interesting  single  series  of  exiieriments,  because  it  gives 
the  slopes  for  both  high  and  low  tem^jeratures  through  the  greatest 
range  of  velocities,  is  that  ui^on  the  smallest  brass  pipe,  which  is 
about  Yo  in-  in  diameter.  These  experiments  illustrate  conditions 
which  are  met  in  hydraulic  exijeriments  with  larger  pipes  in  a  much 
smaller  degree,  and  serve  to  explain  some  apjaarent  anomalies  therein. 

With  temi:)eratures  of  water  near  70°  Fahr.,  the  slope  varies  nearly 
with  the  first  power  of  the  velocity,  being  contained  between  *S'  =  0.129  V 
and  «S^=  0.138  V,  for  all  velocities  given  up  to  F=  2.309  ft.  per  second. 
Above  this  velocity  the  slope  increases  much  more  rapidly,  changing 
from  V  =  2.559,  with  S=0.ST66  per  foot,  to  F=  2.917, with  *S=  0. 6061  per 
foot,  which  is  an  increase  of  sloi^e  with  the  8.69  power  of  the  velocity. 
Upon  reaching  a  velocity  of  3.3  ft.  per  second,  the  slopes  come  into 
hne  with  those  of  higher  velocities  which  vary  with  a  power  of  the 
velocity  somewhat  less  than  the  second  i^ow^er,  being,  with  this  very 
smooth  j)ipe,  near  the  1.75  power.  With  small  velocities,  with  slope 
increasing  directly  with  the  velocity,  the  water  having  the  lower  tem- 
perature has  the  greater  slope,  but,  during  the  rapid  increase  that 
follows,  the  warmer  water,  being  less  viscous  and  more  mobile,  makes 
this  change  at  smaller  velocities  than  the  colder  water,  and  the  slope 
for  75°  is  greater  than  the  slope  for  70°,  and  both  become  greater  than 
that  for  38.5  degrees. 

With  the  temperature  of  the  water  at  38.5°,  the  slope  increases  with 
the  first  power  of  the  velocity  at  a  much  more  rapid  rate  than  with  a 
temperature  of  70°,  and  continues  in  this  condition  through  much 
higher  velocities.  Its  slope  is  expressed  by  xS  =  0.212  V,  or  52^ 
greater  than  water  at  70°,  and  continues  at  this  rate  until  it  reaches  a 
velocity  of  about  3.5  ft.  per  second.  At  a  velocity  of  about  2.9  ft.  the 
warmer  water,  in  its  rapid  increase  of  slope,  reaches  the  slope  of  the 
colder  water  and  soon  exceeds  it,  while  the  colder  water,  keeping  on 
with  its  steady  rise,  gets  to  have  a  slope  14%*  less  than  the  slope  of 
water  at  70°  at  the  same  velocitv. 
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At  a  velocity  of  about  3.5  ft.  the  water  at  38.5°  begins  to  change  its  Mr.  Mills, 
condition,  and  its  slope  increases  with  about  the  2.5  power  of  its  vel- 
ocity and  equals  the  slope  of  water  at  70°  at  a  velocity  of  4.5  ft.  per 
second,  then  rises  above  it,  and,  at  5.4  ft.  velocity,  reaches  its  jjerma- 
nent  condition  of  flow  for  higher  velocities,  and  continues  with  about 
10^0  more  slo^je  than  the  water  at  70°  tempei-ature. 

It  is  interesting  to  compare  this  result  with  experiments  which  the 
writer  made,  in  1875  and  following  years,  upon  the  flow  of  water 
through  a  cast-iron,  tar-coated  pipe,  1  ft.  in  diameter,  which  showed 
about  4:%  increase  in  slope  with  decrease  in  temperature  through  the 
same  range. 

But,  in  order  to  understand  the  effect  of  temperature,  and  study  its 
laws,  the  writer  thinks  it  necessary  to  divide  the  slope  into  its  two 
parts,  one  depending  iipon  shocks  and  mass,  and  varying  with  the 
square  of  the  velocity;  and  the  other  depending  upon  cohesion  and 
adhesion,  and  varying  with  the  first  power  of  the  velocity. 

Making  such  division,  as  well  as  he  may  from  the  experiments,  the 
writer  finds  that,  in  the  small  brass  pipe,  the  part  of  the  slope  varying 
with  the  square  of  the  velocity  increases  about  8%  with  the  decrease 
in  temperature,  and  the  part  varying  with  the  first  power  increases 
about  17%,  while  in  the  large  pipe  having  a  diameter  120  times  as 
great,  the  pai't  varying  with  the  square  of  the  velocity  increased  not 
more  than  2%,  and  the  part  varying  with  the  first  power  of  the  velocity 
increased  as  much  as  2^%  with  the  decrease  in  temperature  from  70 
to  38.5  degrees.  Much  more  may  be  deduced  from  these  exjjeriments 
to  show  that  the  principal  effect  of  temperature  is  upon  that  resistance 
to  motion  due  to  cohesion  and  adhesion  which  varies  with  the  first 
power  of  the  velocity. 

Edgae  O.  Theupp,  Assoc.  M.  Inst.  C.  E.    (by  letter). — The  writer  Mr.  Thrupp. 

V- 

shares  the  authors'  desire  to  abolish  the  term,  -— ,  from  pipe-discharge 

-^  ff 
formulas,  although  their  illustration  of  water  being  forced  through  a 
pipe  by  compressed  air  is  not  a  very  happy  argument  against  it.  The 
faith  of  students  will  be  severely  strained  if  they  are  taught  to  believe 
in  the  theory  when  abundance  of  experimental  evidence  exists  showing 
the  index  of  Fto  vary  from  1  to  4.  A  more  satisfactory  view  is  to 
regard  a  formula  for  the  flow  in  j^ipes  as  a  statement  of  the  conditions 
under  which  the  frictional  resistance  equals  the  moving  force.  Grav- 
ity undoubtedly  determines  the  moving  force,  but  has  nothing  to  do 
with  the  frictional  resistance.  Gravity  sets  the  water  in  motion  and 
increases  its  velocity  until  its  force  is  balanced  by  friction,  but  this 
is  a  very  different  thing  from  determining  the  velocity  as  proportional  to 

Z! 

The  writer  does  not  agree  with  the  authors'  assumption  of  the  con- 

(0  088  \ 
V  =     '  -g^  j  for  pities  of 
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Mr.  Thrupp.  larger  diameter,  as  he  knows  from  his  own  experiments  that  there  is 
a  rajjid  divergence  from  such  a  law  when  the  hydraulic  radius  exceeds 
1|  ins. ,  and  that  the  critical  velocity  then  increases  with  the  hydraulic 
radius.  The  question  of  the  critical  velocity  may  be  of  little  import- 
ance as  regards  the  water  sujjply  of  towns,  but  it  will  be  found  to  be  a 
matter  of  very  great  importance  in  irrigation  and  estuary  or  tidal-river 
hydraulics,  particularly  in  relation  to  silt-carrying  and  scouring,  and 
also  in  connection  with  the  resistance  of  high-speed  ships. 

The  authors  seem  to  be  unduly  confident  in  their  assum^^tion  that 
the  index  of  R  may  be  taken  as  constant  through  a  wide  range  in 
values  of  R,  in  the  formula 

F=  279  *S"'-^'  R^-'^  ±  4  per  cent. 

The  writer  investigated  this  i^oint  very  fully  in  1887,  and  arrived  at 
the  conclusion  that  for  small  values  of  R  the  index  must  be  greater 
than  for  large  values,  and  gave  an  empirical  method  of  expressing  the 
variation.*  The  authors'  experiments  confirm  the  writer's  conclusion 
because  they  show  an  index  of  0.71  for  small,  smooth  pipes,  and  this  is 
certainly  too  large  for  pijjes  more  than  6  ins.  in  diameter. 

The  region  covered  by  the  experiments  has  now  been  well  explored, 
and  there  is  not  much  to  be  learned  by  further  experiments  on  small 
pipes,  but  if  some  of  the  technical  colleges  having  hydraulic  experi- 
ment facilities  were  to  use  them  for  research  on  the  critical-velocity 
phenomena  in  relation  to  R  and  V,  and  the  hydraulic  gradient  in 
open  channels  with  i?  =  2  ins.  and  upward,  much  information  of 
practical  and  scientific  value  would  be  brought  to  light. 
Mr.  HazcD.  Allen  Hazen,  M.  Am.  Soc.  C.  E.  (by  letter). — The  paper  records  a 
most  interesting  investigation  of  the  flow  of  water  in  small  pipes. 

There  seem  to  be  two  elements  in  the  friction  of  water  in  small 
pipes:  One  depends  upon  the  viscosity  of  the  water,  and  is  of  control- 
ling importance  in  capillary  tubes;  the  other  seems  to  depend  more 
upon  the  kinetic  energy  required  to  produce  the  motion  of  the  water 
in  whirls  and  eddies  and  other  motions,  and  this  element  is  of  control- 
ling importance  in  larger  pipes.  It  might  naturally  be  suj^posed  that 
each  of  these  elements  of  friction  would  be  present  in  all  cases,  but  in 
varying  relative  amounts.  Darcy's  formula  for  the  flow  of  water  in  pipes 
is  in  a  form  corresponding  to  this  idea;  that  is  to  say,  two  terms  are 
used,  one,  varying  with  the  first  i)ower  of  the  velocity,  which  is  the 
power  which  applies  in  capillary  tubes;  and  a  second,  varying  with  the 
square  of  the  velocity,  which  is  the  power  found  to  apply  to  the  flow 
of  water  through  very  roiigh  and  crooked  channels  of  large  size. 

The  experiments  of  the  authors  do  not  indicate  such  a  gradual 
transition  from  one  condition  of  the  flow  to  the  other.  They  indicate, 
rather,  that  the  flow  of  water  in  tubes,  up  to  a  certain  point,  called  the 
critical  velocity,  follows  accurately  the  flow  of  water  in  cajiillary  tubes, 

*  Transactions  of  the  Society  of  Engineers,  1887. 
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and  without  change  in  the  exponents  and  coefficients;  and  that  from  Mr.  Hazen. 
a  point  slightly  above  this  critical  velocity  the  laws  of  flow  are  the 
same  as  for  much    larger  pipes,  and  that  the  same   exponents   and 
coefficients  apply. 

The  writei"'s  experience  with  the  flow  of  water  in  gravels  had  led 
him  to  anticipate  a  more  gradual  change  than  that  shown  by  the 
authors.  For  a  gravel  at  low  velocities  the  friction  varies  with  the 
first  power  of  the  velocity,  and,  as  the  velocity  increases,  the  diverg- 
ence from  this  law  is  at  first  slight  and  gradually  increases,  until 
finally,  at  miich  higher  velocities,  it  varies  with  the  square  of  the 
velocity. 

The  experiments  of  the  authors  are  most  useful  in  throwing  light 
upon  this  point.  The  change  from  one  state  of  flow  to  the  other  may 
be  compared  to  the  flow  of  water  through  a  vertical  orifice.  With 
water  slowly  rising  behind  it,  the  orifice  first  acts  as  a  weir.  It  follows 
precisely  the  law  of  discharge  over  a  weir  until  the  water  hits  the  top 
of  the  orifice.  Thereupon  the  flow  is  at  once  retarded,  and  it  com- 
mences to  act  as  an  orifice,  and  follows  perfectly  the  law  of  discharge 
through  an  orifice.  There  is  no  intermediate  ground.  It  acts  either 
as  a  weir  or  as  an  orifice.  But  there  is  a  certain  range  in  which  it  will 
act  as  an  orifice,  if  it  happens  to  be  started  that  way,  or  as  a  weir,  if 
it  ha^jpens  to  be  started  that  way,  and  it  will  not  change  from  one  to 
the  other  except  by  some  outside  influence,  and  it  may  be  somewhat 
the  same  with  small  pipes. 

The  authors  have  discussed  at  length  the  formula  for  the  flow  of 
water  in  brass  jaipes  above  the  critical  velocity.  The  experiments  also 
furnish  some  data  for  comi^uting  the  flow  below  this  velocity,  but  this 
matter  is  not  discussed  in  the  jjaper.  The  writer  has  taken  the  results 
of  those  of  the  experiments  which  seem  to  be  clearly  below  the  critical 
velocity,  and  has  compared  them  with  the  formula  for  the  flow  of  water 
in  capillary  tubes,  which  is  taken  to  be 

c  being  a  coefficient;  s  the  slope;  dthe  diameter,  in  inches;  and  t  the 
temperature,  in  degrees,  Fahrenheit. 

The  factor  ( — tttt-")  i*^  ^^^  which  was  deduced  from  experiments 

at  Lawrence  to  represent  the  flow  of  water,  at  different  temperatures, 
through  capillary  tubes.  It  also  represents  the  relative  rates  at  which 
water  passes  through  sand,  and  at  which  silt  settles  through  quiet 
water.  This  term  is  more  convenient  for  practical  use  than  the  con- 
ventional factor  of  Poiseuille,  and  is  sufficiently  accurate.  It  seems 
to  be  based  on  one  of  the  primary  physical  properties  of  water,  and  is 
applicable  directly,  and  with  considerable  accuracy,  to  all  the 
phenomena  which  depend  ujion  the  viscosity  of  water. 


Mr.  Hazen. 
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TABLE  No.   10. 


No.  of   experi- 
ment. 

6 
P, 
■ft 

o 
d 

01 

•2  a.9 
o 

1.- 
.2§ 

o  aj 

> 

3 

1 
It 

a 
B 

<t-i  aj 

O  ti 
£ 

Is 

£  fto 

§t5s 

201 

VII 

0.631 
0.631 
0.876 
0.376 
0.376 
0.376 
0.221 
0.221 
0.221 
0.221 
0.151 
0.151 
0.151 
0.151 
0.107 
0.107 
0.107 
0.107 
0.107 
0.107 
0.107 
0.107 
0.107 
0.107 
0.107 
0.107 
0.107 

0.087 

0.187 

0.125 

0.320 

0.590 

0.955 

0.870 

1.860 

3.140 

4.470 

2.001 

8.623 

9.330 

11.470 

5.910 

7.804 

11.710 

18.290 

23.600 

28.590 

31.930 

8.970 

19.890 

7.200 

19.000 

33.300 

65.800 

0.218 
0.471 
0.111 
0.291 
0.541 
0.849 
0.367 
0.540 
0.89S 
1.270 
0.300 
1.248 
1.362 
1.767 
0.451 
0.602 
0.911 
1.378 
1.790 
2.074 
2.309 
0.730 
1.614 
0.387 
0.958 
1.635 
3.142 

630 
630 
628 
641 
648 
628 
628 
592 
582 
580 
658 
634 
640 
675 
665 
672 
680 
655 
660 
635 
630 
710 
708 
470 
440 
428 
416 

71.8 
71.3 
69.0 
69.0 
68.8 
68.6 
62.4 
62.1 
62.0 
61.5 
70.0 
70.0 
73.1 
72.9 
70.9 
69.5 
70.4 
69.0 
71.9 
68.0 
70.2 
75.2 
75.1 
38.3 
38.4 
38.5 
38.5 

0.732 
0.739 
0.760 
0.760 
0.761 
0.765 
0.829 
0.832 
0.833 
0.8.S9 
0.750 
0.750 
0.721 
0.723 
0.740 
0.755 
0.745 
0.758 
0.732 
0.768 
0.748 
0.704 
0.703 
1.240 
1.240 
1.240 
1.240 

462 

200 

465 

292 

IX 

477 

291 

487 

290 

493 

289 

479 

298 

XIII 

520 

297 

493 

296 

485 

294 

487 

98 

XV 

493 

97 

475 

230 

462 

258 

489 

114 

XVI 

492 

102 

507 

113 

508 

101... 

497 

108 

483 

100 



488 

112 

472 

221 

500 

220 

498 

442 

XVI 

584 

441 

545 

440 

531 

439 

515 

In  Table  No.  10,  the  writer  has  stated  the  experimental  results,  as^ 
taken  from  the  authors'  tables,  and  has  computed  the  valtie  of  c,  first, 
without  using  the  temperature  factor,  and  aftei-ward,  the  temperature 
factor  appears,  and  finally,  the  value  of  c,  corrected  for  the  temperature 
factor. 

The  changes  in  temperature  in  these  experiments  were  too  slight 
to  throw  much  light  on  the  apj^lication  of  the  temperature  factor. 
Only  in  the  case  of  the  smallest  pipe.  No.  XVI,  was  there  a  consider- 
able range  in  the  temperature.  This  series  indicates  a  variation  in 
flow  with  change  in  temperature  amounting  to  about  79^^  of  that 
computed  in  the  formula  stated  above.  The  writer  thinks  there  can 
be  no  question  that  the  temperature  factor  will  apply  much  more 
closely  than  this  to  small  pipe.  Possibly  the  smaller  variation  with 
this  pipe  indicates  some  change  in  the  condition  of  the  pipe  between 
the  two  series  of  experiments,  or  it  may  indicate  the  beginning  of  a 
gradual  change  in  the  form  of  flow  and  a  slight  tendency  to  the  con- 
dition with  higher  velocities,  where  the  influence  of  temperature  is 
comparatively  slight. 

It  is  interesting  here  to  note  that  the  experiments  of  Hagen,  as 
quoted  by  the  authors,   seem  to   correspond  very  closely  with  the 
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above-mentioned  temperature  factor.     Thus,  taking  the  smaller  pipe,  Mr.  Hazen. 
0.00924  ft.  in  diameter,  or  ai3proximately  0.11  in.,  at  a  slope  of  1  in  10, 
the  temperatures,  velocities,  etc.,  are  as  given  in  Table  No.  11. 

TABLE  No.   11. 


Temperature. 

Velocity,  scaled  from 
plotting. 

Reciprocal   of    tem- 
perature factor. 

Product. 

41     

0.451 
0.506 
0.547 
0.581 
0.675 
0.770 
0.832 
0.900 
0.«55 
1.09 

1.176 
1.045 
0.986 
0.926 
0.790 
0.705 
0.667 
0.611 
0.545 
0.500 

530 

47.3 

530 

50  9 

540 

34.7 

540 

66    

533 

75    

544 

80    

555 

88     

551 

100    

552 

110     

545 

The  product  is  constant,  and  the  agreement  is  as  close  as  the 
velocities  can  be  scaled  from  the  plotting. 

The  experiments  of  the  authors  indicate  that  c,  in  the  above-men- 
tioned formula,  ranges  from  462  to  584,  averaging  about  495.  The 
experiments  of  Hagen  show  a  value  about  10%  lower.  The  experi- 
ments thus  serve  to  establish  a  coefficient  in  the  formula  for  the  flow 
of  water  in  small  pipes  below  the  critical  velocity,  and  the  data  are 
most  useful  in  this  direction. 

An  interesting  deduction  is  that  the  critical  velocity  in  a  pipe  is  at 
a  point  where  the  flows  comjauted  by  the  formula  for  the  flow  of  water 
in  larger  pipes  and  by  the  formula  for  the  flow  in  capillary  tubes  are 
equal,  and  that  in  all  other  cases  the  flow  follows  the  formula  which 
gives  the  lowest  velocity  for  a  given  slope. 

The  effect  of  temperature  upon  the  flow  of  water  in  small  pipes 
above  the  critical  velocity  is  most  interesting.  The  eff'ect  of  tempera- 
ture seems  to  be  less  than  one-quarter  of  what  it  is  below  the  critical 
velocity.  It  is,  nevertheless,  large  enough  to  be  an  important  ele- 
ment. The  question  may  be  raised  as  to  whether  temperature  exerts 
a  corresponding  influence  in  much  larger  pipes,  or  whether  the  effect 
noted  in  these  experiments  represents  the  beginning  of  a  gradual 
change  toward  the  capillary  condition.  The  experiments  themselves 
give  no  indication  of  this,  as  the  effect  of  temperature  seems  to  be 
quite  as  great  with  the  larger  tubes  as  with  the  smaller  ones,  but,  if  it 
should  prove  to  be  otherwise,  it  would  aff'ect  materially  some  of  the 
deductions  of  the  authors. 

The  general  form  of  formula  proposed,  although  very  similar  to 
some  of  the  formulas  which  have  been  used,  presents  some  interesting 
points.     According  to  the  authors,  in  the  general  formula, 

V  =  c  [r'^  s-'), 
cr  and  i/  are  proportional  to  each  other,  and  x  is  always  1.25  of  y.     This 
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Mr.  Hazeii.  conclusion  is  diametrically  opposed  to  that  of  Tutton,*  whose  anal- 
yses led  him  to  the  conclusion  that,  as  x  increases,  y  decreases,  and 
that  the  sum  of  the  two  exponents  is  a  constant,  namely  1.17. 

It  is  comiiaratively  easy  to  determine  the  value  of  ?/  in  particular 
cases.  It  involves  passing  water  through  a  pipe  at  different  velocities 
and  noting  the  heads  required.  This  is  an  experiment  for  which  there 
are  many  opportunities,  and  sufficient  data  are  available  to  give  a  very 
good  idea  of  the  value  of  this  exponent  for  various  conditions.  It  is 
much  more  difficult  to  find  the  value  of  x. 

The  authors  have  a  very  simple  method  of  computing  x  when  y  is 
known.  Tutton's  method  is  equally  easy,  but,  unfortunately,  leads  to 
vei'y  dilferent  results.  It  has  seemed  to  the  writer  that  the  most  accu- 
rate value  for  x  could  be  secured  by  comparing  the  results  obtained  for 
very  small  and  very  large  pipes.  Of  course,  it  is  impossible  to  secure 
very  large  pipes  with  precisely  the  same  kind  of  interior  surface  as 
obtained  in  very  small  pipes,  but  it  seems  safer  to  comj)are  the  results 
obtained  from  very  large  and  very  small  pipes,  even  though  their 
interior  surfaces  do  differ  somewhat  in  character,  than  to  take  the 
indications  of  experiments  more  closely  comparable,  but  covering  a 
shorter  range.  These  experiments  afford  some  admirable  material  for 
use  in  this  way,  but  it  may  be  questioned  whether  the  method  of  com- 
putation is  the  best  that  could  be  used. 

The  proj^osition  that  the  friction  varies  inversely  as  the  1.25  power 
of  the  diameter  is  derived  from  the  plotting  rejiroduced  inPlateXI. 
This  plotting  gives  the  values  of  m,  in  comparison  with  the  pipe  diam- 
eters, in  inches.  An  examination  of  the  formula  used  by  the  authors 
shows  that  this  value  of  m  is  the  slope  in  feet  per  thousand  when  the 
velocity  is  1.00.  This  value  is  usually  not  the  result  of  direct  observa- 
tion, but  is  computed  from  observations  taken  at  much  higher  veloc- 
ities. 

The  exponents  shown  by  the  authors,  in  connection  with  the 
various  exi^eriments,  indicate  the  rate  at  which  the  slope  increases  with 
increase  in  velocity.  At  that  end  of  the  plotting  which  shows  the 
smallest  pipe,  these  exponents  average,  as  stated  by  the  authors, 
about  1.75.  At  the  opposite  end  of  the  plotting  the  exponents  average 
miich  higher  than  this.  Beginning  at  the  upper  end  and  keeping  near 
the  lower  line,  indicating  smooth  pipe,  there  are  positions  marked: 
Benzenberg,  2.15;ritzGerald,  1.929;  Stearns,  1.892;  Williams,  Hub- 
bell  &  Fenkell,  1.765;  Coffin,  1.726;  Williams,  Hubbell  &  Fenkell, 
1.858;  Hamilton  Smith,  1.94;  Adams,  1.74;  Darcy,  2.00;  Williams, 
Hubbell  k  Fenkell,  1.779;  Darcy,  1.807.  The  average  of  these  expo- 
nents is  1.87. 

The  fact  that  the  exj^onents  are  higher  at  this  end  of  the  line  than 
at  the  other  indicates  that  if  a  comparison  were  made  at  a  higher 

*  Journal  of  the  Association  of  Engineering  Societies,  Vol.  XXIII,  p.  151  (1889). 
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velocity  than  that  assumed,  wbicliis  1  ft.  per  second,  the  slopes  would  Mr.  Hazen. 
be  increased  more  for  the  large  diameters  than  for  the  smaller  ones. 
In  other  words,  the  ratio  between  the  exponents  of  r  and  s  would  be 
reduced. 

Plotting  the  results  of  the  experiments  relied  upon  by  the  authors 
for  a  velocity  of  3  ft.  per  second,  and  using  the  actual  experimental 
values  for  the  velocities,  or  values  reduced  from  the  experiments 
nearest  ko  them,  it  is  found  that  they  diverge  much  more  from  the 
line  for  the  authors'  experiments  for  brass  pipe  than  is  the  case  for 
the  plotting  of  the  values  of  m.  It  is,  unfortunately,  a  fact  that 
probably  none  of  the  large  pii^e  had  as  smooth  surfaces  as  the  brass 
pipe  used  by  the  authors,  and  some  allowance  must  be  made  for  this 
fact  in  the  comparisons;  and,  while  the  line  drawn  as  a. general  average 
would  be  a  matter  of  individual  judgment,  the  writer  would  hardly 
give  it  an  inclination  greater  than  that  corresponding  to  an  exponent 
of  1.20.  If  the  matter  were  carried  further,  the  exponent  would 
probably  be  lower.  Further,  if  the  temperature  effect  should  be 
found  to  be  different  in  large  and  small  pipes,  the  value  would  vary 
with  the  temperature. 

For  these  reasons,  care  must  be  taken  in  extending  the  values 
found  for  very  small  pipes  to  large  sizes,  and  it  would  be  better  to  go 
slowly  in  accepting  a  constant  ratio  between  the  exponents  of  the 
general  formula. 

The  experiments  are  of  no  less  value  because  of  this.  A  critical 
examination  of  extremes  may  lead  to  a  more  accurate  understanding 
of  intermediate  values,  and  in  this  case  the  large  number  of  experi- 
ments exceeds  anything  available  for  the  larger  sizes  of  pipe  for  which 
accurate  computations  are  most  often  desired. 

It  seems  that  every  discussion  of  this  subject  only  makes  it  clearer 
that  no  one  formula  can  be  made  to  apply  to  all  the  conditions  that 
there  are,  and,  fortunately,  such  a  formula  is  not  necessary  for 
practical  purposes.  The  Chezy  formula  is  most  useful,  notwithstand- 
ing its  wide  divergences  from  ordinary  conditions.  It  is  easy  to 
devise  exponental  formulas  to  represent  the  average  of  particular  ex- 
periments, but  the  multiplication  of  formulas  is  confusing.  The 
writer  has  felt,  however,  that  a  formula  with  exponents  representing 
more  nearly  than  those  of  the  Chezy  formula  the  average  ot  all-round 
water-works  j^ractice,  with  such  values  of  c  as  should  be  found  by  ex- 
perience, would  be  serviceable,  particularly  if  an  easy  means  of  solu- 
tion of  problems  by  it  were  provided.  This  idea  was  taken  up  with 
Professor  Gardner  S.  Williams,  M.  Am.  Soc.  C.  E.,  and  the  formula, 

was  adopted,  not  as  representing  clean  pipe  or  dirty  pipe,  or  large 
pipe  or  small  pipe,  particularly,  but  simi3ly  as  an  aj^proximation  to 
the  conditions  most  commonly  met,  particularly  in  water-works  prac- 
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Mr.  Hazen.  tice.  To  solve  tliis  formula,  a  slide  rule  was  designed,  which  Avas  first 
constructed  in  a  home-made  way,  and  afterward  more  accurately  by 
an  instrument  maker.  This  rule  allows  a  very  rapid  solution  of 
common  hydratilic  jiroblemR  by  the  formula,  and  the  regularity  in  the 
values  of  c  found  applicable  with  it  indicates  a  sufficiently  close  ap- 
isroximation  to  accuracy  in  the  exjioneuts  selected,  for  most  practical 
purposes. 

Mr.  Coker.  E.  G.  CoKER,*  Esq.  (by  letter). — The  authors,  in  commencing  their 
investigations,  do  not  appear  to  have  given  much  attention  to  the  im- 
portant researches  of  Osborne  Reynolds  on  the  flow  of  water  in  pipes, 
now  twenty  years  old.  He  first  showed  that  water  flowing  in  a  pipe 
may  be  direct  or  sinuous,  dejiending  upon  the  relations  between  the 
velocity  of  the  water,  the  temperature,  and  the  diameter  of  the  pipe; 
and  he  gave  a  formula,  for  the  critical  value  of  direct  or  stream-line 
motion,  expressed  in  the  form, 

where  v^  is  the   critical  velocity,  D  is  the  diameter  of  the  pipe,  and 

f{T)i&[\  +  cxT+firY'- 

He  showed,  further,  that,  for  stream-line  motion,  the  loss  of  head 
is  proportional  to  the  first  power  of  the  velocity,  and  is  influenced 
greatly  by  temperature;  while,  for  eddy  motion,  the  resistance  is  pro- 
portional to  a  higher  power  of  the  velocity,  and  is  less  dej^endent  on 
the  temperature.  These  resiilts  were  arrived  at  by  a  train  of  reason- 
ing which  appeals  to  the  principle  of  the  equality  of  dimensions  of 
jjhysical  quantities,  and  the  deductions  were  amply  verified  by  his 
own  experiments  and  others.  It  is  somewhat  surprising,  therefore, 
to  see  some  of  these  conclusions  stated  as  if  they  were  newly  discov- 
ered and  therefore  novel,  whereas  they  have  long  since  been  accepted 
and  find  a  place  in  modern  textbooks. 

Again,  the  authors  exj^ress  astonishment  in  finding  that  the  values 
of  n,  in  the  formiila,  if  =  m  V",  is  remarkably  constant  for  pipes  of 
the  same  material  and  smoothness,  but  this  need  hardly  be  a  matter 
of  surprise  when  it  is  remembered  that,  even  for  jiipes  of  widely  dif- 
ferent materials  and  of  different  degrees  of  roughness,  the  value  of  n, 
in  the  great  majority  of  cases,  lies  between  1.7  and  1.95,  and  there  are 
many  published  experiments  giving  logarithmic  plots  for  pipes  of 
the  same  material  and  degree  of  roughness  with  lines  practically 
parallel. 

Most  of  the  experiments  recorded  in  the  paper  have  been  made  for 
eddy  motion  in  which  a  small  difi'erence  of  temperature  between  the 
water  in  the  pipes  and  the  laboratory  does  not  cause  serious  eiTor,  but 
this  is  not  the  case  when  there  is  stream-line  motion,  and  it  is  then 
very  necessary  to  guard  against  a  change  of  temperature  in  the  flow- 
ing water  by  lagging  or  otherwise  protecting  the  pipes.  The  tempera- 
*  Assistant  Professor  of  Civil  Engineering,  McGill  University. 
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ture  of  the  room  where  tlie  experiments  were  carried  out  is  stated  to  Mr.  Coker. 
have  been  practically  constant,  but,  apparently,  there  is  no  reference 
to  the  pipes  being  jirotected    from   change   of   temperature,   and  it 
would  be  interesting  to  know  whether  this  precaution  was  attended  to. 

The  method  of  reducing  the  results  to  a  standard  temperature  ap- 
pears to  be  open  to  criticism  in  that  the  corrections  are  based  entirely 
on  the  results,  and  hence  any  errors  in  the  experiments  reappear  in 
the  coi'rection  factors.  If  this  objection  be  removed  it  would  be 
interesting  to  learn  why  the  authors  finally  assumed  a  uniform  correc- 
tion of  4/0  per  10^,  when,  as  appears  from  Fig.  3,  the  correction 
should  vary  from  2.9  to  4.6  per  cent. 

If  it  is  assumed  that  the  total  resistance,  li,  depends  on  powers  of 
the  pipe  diameter,  the  viscosity,  the  density,  p,  and  the  velocity  of 
the  water,  there  is  no  difficulty  in  determining  a  correction  factor  for 
variations  of  temperature,  /,  in  the  form 

-r-  =  {n  —  2)  ,    ,  '    ,-„  f/  i  +  (  1  —  n)  --^ —  d  t, 

h         ^  '  1  -\-  at-ir  (if  ^  ^  l  —  pt 

where  the  second  term,  involving  the  density,  p,  is,  in  general,  negligible. 

This  correction  factor  is  independent  of  the  exjjeriments,   excejit  as 

I'egards  n,  which  latter  can  always  be  determined  with  considerable 

accuracy,  while  the  constants,  a  and  ft,  relate  to  the  known  variation 

in  the  viscosity. 

Geokge  H.  Fenkell,  Assoc.  M.  Am.  8oc.  C.  E.  (by  letter). — As  the  Mr,  Fenkeli. 
title  of  this  paper  does  not  seem  to  limit  the  discussion  to  experiments 
upon  the  smaller  sizes  of  pipes,  such  as  those  used  by  the  authors,  the 
writer  will  give  the  result  of  a  few  experiments  which  he  made  re- 
cently on  the  loss  of  head  in  8  215  ft.  of  60-in.  cast-iron  intake  pipe  at 
Erie,  Pa. 

In  1895  and  1896  the  Commissioners  of  Water-Works  of  Erie,  Pa. , 
laid  a  cast-iron  intake  pipe  from  the  pumping  station  on  the  south 
shore  of  Erie  Harbor  to  within  |  mile  of  the  north  shore  of  the  har- 
bor. The  top  of  this  pijae  was  laid  about  3  ft.  below  the  natural  bot- 
tom of  the  harbor,  and  the  outer  end  provided  with  a  submerged  in- 
take crib.  As  the  manner  of  laying  this  pipe  has  been  described*,  it 
is  sufficient  to  say  that  the  pipe  was  coated  with  tar,  and  that  sections 
72  ft.  10  ins.  long  were  made  up  on  shore,  launched,  towed  into  posi- 
tion, sunk,  and  connected  by  divers,  and  that  when  the  line  was  com- 
pleted it  was  tested  thoroughly  for  leaks.  A  profile  of  the  line,  made 
after  the  work  was  completed,  shows  that  there  is  very  little  variation 
in  the  vertical  alignment,  except  where  the  pipe  approaches  the  sur- 
face,  near  the  shore  end. 

The  water  passes  through  the  gratings  in  the  top  of  the  crib,  then 
through  6  ft.  of  60-in.  vertical  jsipe  to  a  60  x  60-in.  tee,  where  it  is  de- 
flected horizontally  into  the  main  line,  whence  it  is  conducted  to  the 

*  Engineering  News,  Dee.  5th,  1895. 
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Mr.  Fenkell.  jJumping  station.  The  observations  for  loss  of  head  were  made  in  a 
24:-in.  manhole  in  the  water-works  i)ark  near  the  pumping  station,  and 
between  the  crib  and  this  manhole  the  only  sijecial  is  a  60-in.,  35° 
curve.  The  toj)  of  the  6-ft.  vertical  pipe  at  the  crib  is  provided  with 
a  5-in.  flange,  and  is  about  IH  ins.  above  the  crib  floor.  By  feeling 
through  the  ice  with  a  piece  of  gas  pipe,  during  the  winter  of  1902-03, 
the  top  of  the  crib  seemed  to  be  free  from  sticks  and  leaves,  and  no 
mud  was  found,  either  in  the  bottom  of  the  crib  or  in  the  inside  bottom 
of  the  69  X  60-in.  tee.  No  deposit  could  be  felt  at  the  24-in.  manhole, 
and  the  24-in.  riser  at  the  manhole,  which  was  set  when  the  pipe  was 
laid,  seemed  to  be  free  from  rust,  although  in  j^laces  it  was  somewhat 
rough. 

Erie  Harbor  is  about  5  miles  long  by  nearly  2  miles  wide,  and  its 
greatest  depth  is  about  29  ft.  The  water  at  the  crib  is  about  23  ft. 
deep.  As  the  passage  from  the  harbor  into  Lake  Erie  is  only  about  -itlO 
ft.  wide,  storms  never  cause  the  water  in  the  harbor  to  become  very 
turbid. 

The  experiments  were  made  on  Sej)tember  1st,  1903.  The  minimum 
temperature  of  the  air  during  the  previous  night  was  62°  Fahr. ,  and 
the  mean  temi^eratui-e  of  the  air  when  the  observations  were  made 
was  68°  Fahr.     The  temperature  of  the  water  was  66°  Fahr. 

The  day  was  clear  and  the  water  unusually  calm,  there  being  but  a 
slight  breeze  from  the  northwest.  The  mean  velocity  of  the  wind,  as 
recorded  by  the  United  States  Weather  Bureau,  at  the  top  of  the  Gov- 
ernment building  in  Erie,  was  6  miles  per  hour,  but  was  probably  con- 
siderably less  than  this  on  the  harbor. 

The  velocity  of  flow  was  determined  by  plunger  displacement 
of  the  jiumps.  The  Gaskill  is  a  horizontal,  compound,  fly-wheel 
pumping  engine,  erected  in  1886,  with  water  cylinders  19i  x  36  ins., 
and  rated  at  5  000  000  galls,  per  24  hours.  The  Worthington  is  a  hori- 
zontal, compound  pumj)ing  engine,  erected  in  1893,  with  water  cylin- 
ders 29  X  49|  ins.  (49^  ins.  being  the  length  of  the  stroke  when 
observations  were  takenj,  and  rated  at  12  000  000  galls,  per  24  hours. 
The  Gaskill  pump  worked  against  a  jiressure  of  118  lbs.,  and  the 
Worthington  jiump  against  a  pressure  of  98  lbs.,  per  square  inch. 

Hook-gauge  readings  were  taken  at  intervals  of  one  minute  in  the 
24-in.  manhole  and  also  in  the  harbor,  about  200  ft.  east  of  this  man- 
hole, and  Table  No.  12  gives  the  results  obtained.  One  and  one-half 
times  the  velocity  head  is  deducted  from  the  total  loss  of  head  (see 
Column  10)  to  allow  for  loss  at  entrance  and  head  necessary  to  jiroduce 
the  velocity,  and  5'V  is  allowed  for  the  slij)  of  the  j^umps  (see  note 
at  bottom  of  table).  The  pumjjs  were  overhauled  recently,  and  were 
in  good  condition. 

The  hook-gauge  readings  taken  in  the  harbor  showed  the  extreme 
variation  of  the  elevation  of  the  siu-face  of  the  water  to  have  been  f  in. 
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Mr.  Williams.  Gaedneb  S.  Wtlliams,  M.  Am.  Soc.  C.  E.  (by  letter). — For  a  proper 
appreciation  of  the  value  of  this  paper,  as  a  contribution  to  hydraulic 
literature,  the  folloAving  points  are  to  be  consitlered: 

1.  In  number  of  experiments  upon  i:)i])es,  it  exceeds  the  total  of 
those  recorded,  up  to  the  time  that  Darcy  began  his  famous  series. 

2.  In  range  of  velocity  and  diameter,  it  exceeds  the  total  of  those 
recorded  to  that  time,  -with  the  single  exception  of  fifteen  observa- 
tions by  Couplet  on  a  combined  lead  and  earthenware  main  of  about 
5  ins.  diameter,  recorded  in  1732. 

3.  In  scope,  number  and  range  of  experiments,  it  exceeds  any 
series  of  investigations  on  small  pipes  made,  as  far  as  known. 

4.  It  is  the  first  published  series  of  experiments  wherein  the  effect, 
upon  the  apparent  slope,  of  variations  of  the  distributions  of  the 
internal  velocities,  was  recognized  at  the  time  of  making  the  experi- 
ments. 

5.  In  detail  of  preparation  and  accurasy  of  execution,  it  is  safe 
to  say  that  it  has  not  yet  been  exceeded. 

As  the  importance  of  the  effect  upon  apparent  slope,  of  irregular- 
ities of  velocity  distribution  within  the  pipe,  has  been  discussed 
recently,  both  by  the  authors  and  by  the  writer,*  and  is  certainly 
now  clearly  established  upon  both  theoretical  and  experimental 
grounds,  these  experiments  are  to  be  regarded  as  standing  upon 
a  higher  plane  than  any  of  their  predecessors,  and  as  marking  a 
distinct  step  forward  in  the  science  of  hydraulic  experimentation. 
Deductions  fairly  drawn  from  this  investigation  are  therefore  entitled 
to  more  credence  and  confidence  than  those  from  the  far  less  expertly 
conducted  work  of  Couplet,  Bossut,  Du  Buat,  Venturi,  Girard,  Gerst- 
ner,  Yoimg,  Rennie,  Leslie  and  Weisbach,  upon  which  the  fundamental 
formulas  of  flow  still  in  use  were  primarily  based,  and  even  the  work 
of  Darcy  and  Hamilton  Smith,  Jr.,  must,  in  some  cases  at  least,  be 
reinterjjreted  in  the  light  of  more  recent  develojiments. 

In  dealing  with  a  subject  involving  so  many  complexities,  as  does 
the  flow  of  water,  it  is  very  easy  to  go  astray,  and  conclusions  that 
seemed  indubitable  when  first  deduced  may  be  proven  in  error  on 
further  research.  Thus  the  old  formulas  of  flow,  of  the  Du  Biiat  and 
Prony  type,  involving  two  terms  in  T",  one  of  the  square  and  one  of 
the  first  power,  supposed  to  represent  the  effect  of  the  internal 
resistances  and  the  border  friction,  respectively,  alluring  as  their 
hypothesis  seems,  and  supported  thottgh  they  are  by  the  testimony  of 
nearly  every  experimenter  from  Du  Buat  to  the  present  time,  appear, 
in  the  light  of  this  investigation,  to  be  limited  to  that  brief  period  of 
transition  from  the  sub-critical- velocity  flow  to  the  ordinary  flow,  and 
to  have  no  legitimate  existence  beyond  that  range,  which  is  usually 
considerably  below  the  conditions  met  in  engineering  practice.     This 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  XL VII,  pp.  317,  853  and  356;  and  Journal  of  the 
Association  of  Engineering  Societies,  March,  1901,  p.  177. 
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deduction  becomes  the  more  important  and  trustworthy  when  it  is  Mr,  Williams, 
understood  that  at  the  beginning  of  their  work  [the  authors  accepted 
the  correctness  of  the  old  hypothesis,  and  a  chief  purpose  of  the 
investigation  was  to  determine  just  how  much  of  the  resistance  to 
flow  in  any  given  pipe  was  dependent  upon  one  condition  and  how 
much  on  the  other;  but,  in  spite  of  most  faithful  effort  to  locate  a 
law  of  that  nature,  as  discussed  on  page  810 ,  the  entire  evidence  of 
the  investigation  was  found  to  be  against  its  existence.  "While  it  may 
be  possible  that,  at  some  future  day,  facts  will  be  adduced  to  re-estab- 
lish the  old  form  of  expression,  nevertheless,  until  some  such  evi- 
dence is  actually  j^rcsented,  that  is  at  least  as  fully  entitled  to  accept- 
ance as  is  that  of  the  authors;  on  the  other  side,  it  seems  the  part  of 
wisdom  to  relegate  to  the  historical  pigeon-hole  all  such  formulas  as 

H^.^a  V'^  -\-bV^  c, 
and  to  accept  without  further  demur  the  form, 

i7^  =  m  V, 
in  which  the  values  of  n  may  range  from  unity  to  above  two,  accord- 
ing as  the  flow  is  below  or  above  the  critical  velocity,  or  the  surface 
is  smooth  or  rough,  and  the  alignment  straight  or  crooked.  There  is 
no  more  reason  to  insist  that  Hj  vary  as  V^  than  there  is  to  insist 
that  the  power  required  to  keep  a  train  of  cars  in  motion  should  vary 
as  the  square  of  the  speed. 

In  the  mind  of  the  writer,  besides  the  facts  developed  as  to  tem- 
perature effects,  the  establishment  of  the  approximate  equation, 

for  smooth  pipes  of  all  diameters,  under  ordinary  flow,  a  conclusion 
strongly,  almost,  it  would  seem,  invincibly,  corrojborated  by  the  data 
presented  by  the  authors  from  the  experiments  upon  large  smooth  or. 
approximately  smooth  pipes,  from  Darcy,  Adams,  Noble  and  the 
Detroit  Experiments,  entitles  this  paper  to  a  place  of  more  than 
ordinary  importance.  Incidentally,  the  probability  seems  good,  in 
view  of  the  result  on  a  very  carefully  aligned  30-in.  Detroit  tangent 
into  which  the  water  is  known  to  have  entered  under  some  disturb- 
ance, and  which,  nevertheless,  gave  a  value  for  n  of  1.765,  that  for 
straight,  clean,  cast-iron  pipe  of  large  diameter,  the  above  formiila 
will  be  found  very  closely  applicable.  This  emphasizes  the  fact  that 
in  past  experiments  it  has  been  necessary  to  deal  with  more  or  less 
irregular  conditions  on  an  assumption  that  they  were  regular,  and, 
hence,  in  attempting  to  deduce  the  fundamental  formulas  of  flow, 
such  experiments  must  be  used  with  great  caution,  and  until  the  data 
are  at  hand  from  which  to  produce  a  formula  for  the  ideal  condition 
of  a  straight,  smooth  pipe,  it  seems  questionable  to  undertake  the 
derivation  of  one  to  be  rigidly  applied  to  the  eccentricities  and  exi- 
gencies of  ordinary  jsractice,  and  the  present  paper  has  a  decided 
value  in  calling  attention,  as  it  does,  to  the  wide  limits  of  variation 
that  are  to  be  provided  for  when  such  an  attempt  is  made. 
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Mr.  Williams.  To  those  interested  in  tbe  derivation  of  the  true  equation  of  the 
distribution-of-velocity  curve,  the  hint  that  it  proves  experimentally 
to  be  of  such  form  that  for  the  pipe, 

,.      2  2    ^- 

y  m    = , 

will  be  of  value;  and  when  this  equation  is  jiroperly  and  rationally 
established,  another  important  step  will  have  been  taken  toward  a 
true  understanding  of  the  laws  of  flow. 

The  next  investigation  needed  is  one  covering  with  equal  care  the 
diameters  between  the  upper  limit  of  the  present  work  and  those 
commonly  experimented  upon  in  practice.  It  is  perhaps  remarkable 
that,  for  diameters  from  3  to  12  ins.,  the  only  reliable  experiments  on 
record  are  those  of  Darcy,  which,  unfortunately,  are  not  sti'ictly  ap- 
plicable to  smooth  i^ipes.  With  the  law  for  straight,  smooth  pipes 
once  fairly  established,  both  as  to  m  and  n,  it  will  be  possible  to  i^ro- 
ceed  to  a  study  of  roughness  and  curvature  effects  in  a  scientific  man- 
ner. As  the  laws  of  flow  in  a  circular  pipe  are  probably  less  complex 
than  in  the  case  of  an  open  channel,  the  writer,  while  fully  concurring 
in  the  desirability  of  experiments  upon  the  latter,  as  suggested  by 
Mr.  Thrujip,  feels  that  the  pipe  work  should  preferably  precede  that 
on  open  channels,  if  the  two  cannot  be  carried  on  simultaneously. 

The  deduction  from  these  experiments,  drawn  by  Mr.  Hazen,  that 
the  law  governing  the  flow  at  any  velocity  is  such  that  the  velocity 
becomes  a  minimum  for  the  jjarticular  slope,  is  but  another  exempli- 
fication of  the  Theorem  of  Least  Work,  the  resistances  to  flow  being 
the  passive  forces,  and  they,  therefore,  acting  according  to  whichever 
of  the  two  laws  gives  them  the  maximum  effect. 

Eegarding  the  value  of  m,  it  a^jpears  to  be  affected  so  much  more 
by  roughness  and  alignment  than  is  n  that  its  exact  determination 
may  be  expected  to  be  difiicult,  in  the  general  case;  and,  until  experi- 
ments are  made  upon  large,  smooth,  straight  ijiiDes,  the  law  of  its 
variation  with  the  diameter  must  be  somewhat  in  doubt.  That  such 
experiments  may  shortly  be  made  available  is  most  earnestly  to  be 
hoped. 

Messrs,  Saph  AtJGUSTTJS  V.  Saph,  Assoc.  Am.  Soc.  C.  E.,  and  Eknest  W.  Schodee, 
Jun.  Am.  Soc.  C.  E.  (by  letter). — It  remains,  in  conclusion,  to  comment 
briefly  on  some  of  the  points  dealt  with  in  the  discussions. 

Several  of  the  discussions  contain  references  to  the  two  kinds  of 
resistances  (page  310).  The  general  question,  as  far  as  formulas  are 
concerned,  has  been  investigated  quite  thoroughly  in  the  pajjer  and 
the  appendix.  However,  it  may  be  well  to  ijoint  out  the  general 
features,  which,  it  seems,  a  correct  analysis  must  possess,  in  the  light 
of  present  knowledge. 

Although  the  motions  of  the  particles  of  water,  in  ordinary,  or 
"  eddy,"  flow,  may  be  quite  comjtlex,  it  seems  reasonable  to  conclude 


and  Schoder. 
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tliat  they  obey  definite  laws.  Mucli  more  experimental  investigation  Messrs.  Saph 
is  needed  before  tliese  can  be  understood.  Nevertheless,  there  are  tAvo 
established  results  of  hydraulic  experiments  to  which  a  coi-rect  analysis 
must  lead.  First,  it  must  account  for  the  "velocity  curves,"  as 
found  by  traverses  of  the  cross-sections  of  the  flowing  water  in  pipes 
and  open  channels,  with  the  Pitot  tube  and  kindred  instruments.  Sec- 
ondly, the  result  of  the  integration,  for  the  ideal  case  of  a  perfectly 
smooth  pipe,  must  give  a  value  of  n,  in  the  formula,  H  =  mV",  at  least 
as  low  as  1.75.  . 

Mr.  Mills'  discussion  suggests  the  possibility  of  arriving  at  a  better 
understanding  of  the  nature  of  ordinary  flow  in  pipes  by  studying  the 
relative  effects  uj^on  the  loss  of  head  of  equal  changes  of  temperature 
in  below-critical-  and  in  above-critical-velocity  flow.  There  are  on 
record  many  useful  data  for  such  an  investigation. 

Mr.  Hazen  has  perhaps  misinterpreted  the  writers'  reasoning,  as  ' 
regards  the  plotting  on  Plate  XI,  from  which  the  general  formulas 
were  derived.  The  only  line  drawn  as  "  a  general  average  "  is  the  full 
line  fitting  the  writers'  experiments  on  brass  pipes.  The  slope  of  this 
is  — 1.25.  All  other  experiments  are  groixped  into  zones,  as  stated  in 
the  pajier.  The  limits  of  these  zones  are  indicated  by  broken  lines. 
In  spite  of  the  most  faithful  efforts  to  average  the  other  experiments, 
from  the  standpoints  of  material,  of  roilghness,  or  of  exponents  of  V, 
the  writers  were  forced,  finally,  to  the  method  of  groiiping  described 
in  the  paper. 

It  seems  to  the  writers  that  there  is  no  ground  for  the  statement  that 
different  values  for  the  exiionent  of  (/  would  be  obtained  if  a  com- 
parison were  made  at  a  higher  velocity  than  1  ft.  per  second.  No 
matter  what  the  unit  of  measure  is,  the  logarithmic  plotting  yields  the 
same  results,  both  as  regards  slope  and  absolute  value  of  m.  If,  for 
instance,  the  unit  of  velocity  be  taken  at  3  ft.  per  second,  then  a 
constant,  ^=Z^,  enters  into  the  equation  as  a  factor  of  V".  That  the 
value  of  the  exi3onent  of  d  can  be  affected  seems  unreasonable. 

There  aj^pears  to  be  no  reason  why  the  methods  of  plotting  used  by 
Tutton  should  give  different  results  from  those  of  the  writers.  The 
former  used  one  diagram  where  the  writers  used  two.  The  writers 
treated  each  series  of  experiments  entirely  independently  and  put  the 
results  of  these  independent  plottings  on  a  second  general  plotting. 
This  independent  treatment  is  practically  impossible  on  a  single 
plotting.  Moreover,  the  writers  used  as  a  starting  jaoint  the  line 
fitting  points  obtained  from  some  eight  hundred  experiments  on  fifteen 
pipes  of  almost  ideal  smoothness,  covering  a  large  range  of  diameters, 
and  made  under  conditions  giving  great  accuracy.  Tutton  did  not  have 
such  an  advantage,  and  the  chaos  out  of  which  he  attempted  to  make 
order  can  only  be  appreciated  by  those  hydraulic  investigators  who 
have  attempted  the  same  problem. 
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Messrs.  Sapli  Mr.  Coker's  question,  as  to  tlie  reason  for  the  assumption  of  a  uni- 
and  Schoder.  ^^^,^  temperature  correction  of  4:%  per  10°  (page  290),  arises  from  a 
misunderstanding.  The  temperature  correction  applied  was  not  uni- 
form, but  varied  from  2.9  to  4.6%,  as  shown  in  Fig.  3,  and  as  stated 
in  the  heading  accomiDanying  the  figure.  The  use  of  the  diagram  of 
temperature  differences  and  heads,  based  upon  a  uniform  4:%  correc- 
tion, was  but  a  facilitating  stej)  in  the  jirocess.  The  correction  for 
any  other  percentage  was  obtained  by  simple  in-ojiortion,  using  the 
slide  rule. 

In  regard  to  Mr.  Coker's  question  relating  to  the  j^rotection  of  the 
pipes  from  changes  of  temperature  by  means  of  lagging,  it  may  be 
stated  that  there  was  none.  The  below-critical-velocity  experiments,  at 
low  temperatures,  on  Pi^^e  XVI,  are  the  only  ones  which  could  have 
been  affected.  In  relation  to  this,  it  may  be  noted  that  the  writers  have 
been  interested  in  applying  the  formula  (given  by  Mr.  Hazen  on  page 
317)  for  below-critical-velocity  flow  to  the  experiments  of  Osborne 
Reynolds  and  Messrs.  Coker  and  Clement.  Reynolds'  experiments,* 
made  on  lead  pipes,  0.242  and  0.498  in.  in  diameter,  with  entry  lengths 
of  9.6  ft.  in  each  case,  and  with  temperatures  from  41  to  53.6°  Fahr. , 
give  values  of  c  ranging  from  394  to  536.  There  are  twenty-two  experi- 
ments. Coker  and  Clements' experiments,  of  which  there  are  seventy- 
one,  give  values  ranging  from  451  to  527,  omitting  one  erratic  value  of 
771.  These  latter  experiments  were  made  with  very  careful  lagging 
around  the  pipe.f  The  range  of  temperature,  39.7  to  121.1°  Fahr., 
may  be  considered  as  giving  a  jsretty  severe  test  to  the  Lawrence 
formula.  The  extreme  values  do  not  seem  to  have  any  definite  relation 
to  tem^jerature  or  velocity.  The  range  of  values  obtained  by  the 
writers  (as  shown  in  Table  No.  10),  on  five  pipes,  should  be  compared 
with  these. 

Mr.  Fenkell's  data  on  the  60-in.  Erie  intake  pipe  are  interesting.  They 
were  obtained  under  difficulties  which  would  seem  insurmountable  to 
the  average  experimenter.  Nevertheless,  considering  the  conditions, 
the  results  are  surprisingly  good.  The  writers  have  plotted  loga- 
rithmically the  values  given  in  Columns  8  and  11  of  Table  No.  12,  the 
result  being 

/^=  0.085  r--''\ 

in  feet  per  1  000  ft.  Plotting  the  value  of  m,  0.085,  with  the  diameter, 
on  Plate  XI,  it  is  seen  that  this  pipe  may  be  classed  with  quite  rough 
or  tuberctilated  jupes. 

In  concluding,  the  writers  desire  to  exjiress  their  high  appreciation 
of  the  scientific  spirit  in  which  the  paper  has  been  received  and 
disciissed. 

*  Proceedings,  Royal  Society,  London,  Vol.  35.  1883. 
t  See  Footnote,  p.  296. 
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Paper  No.  965. 

THE  LEVEE  THEORY  ON  THE  MISSISSIPPI  RIVER. 

An  Informal  Discussion  at  the  Annual  Convention,  June  10th,  1903. 


Subject  foe  Discussion  : 

"In  the   Treatment  of   the  Mississippi  Eiver,  is   the  Levee   Theory 
Justified  by  Experience?" 


By  Messrs.  B.  M.  Harrod,  L.  W.  Brown,  J.  A.  Ockerson, 
L.  M.  Haupt,  B.  F.  Thomas,  Henry  B.  Richardson, 
T,  G.  Dabney  and  B.  M.  Harrod. 


B.  M.  Harrod,  Past-President,  Am.  See.  C.  E. — -"In  the  Treatment  Mr.  Harrod. 
of  the  Mississippi  River,  is   the   Levee  Theory  justified  by  Exi^eri- 
ence?  " 

The  question  whether  a  theory  is  justified  by  experience  is  hardly 
fair,  when  its  application  is  quite  incomplete,  as  is  the  case  on  the 
Lower  Mississippi  River,  where  the  levees  have,  as  yet,  neither  the 
grade,  section  nor  extension  considered  necessary,  and  the  present 
contents,  in  cubic  yards,  are  not  more  than  two-thirds  of  the  quantity 
required  by  the  adopted  standard. 

The  discussion  of  the  subject,  however,  is  opportune,  as  a  recent 
flood  of  magnitude  has  excited  interest  and  afforded  much  informa- 
tion. 

The  justification  of  the  "Levee  Theory"  is  involved  in  such 
changes  in  the  bed  of  the  river,  as  a  flood  channel,  as  result  either 
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Mr.  Harrod.  from  natural  causes  or  from  an  increase  of  the  discharge  by  levees, 
during  more  than  bank-full  stages.  If  the  bed  is  rising,  or  the  capac- 
ity is  otherwise  reduced  by  natural  and  continuing  conditions,  the 
completion  of  a  levee  system  will  be  prolonged,  if  not  made  intermin- 
able. If  the  bed  is  not  rising,  and  the  waterway  is  maintained  or 
improved,  either  by  deepening  or  widening,  by  the  discharge  of  a 
larger  vohime  at  higher  velocity,  then  the  problem,  though  large,  is 
simple  and  certain. 

The  Mississippi  River  Commission,  therefore,  has  given  careful 
investigation  to  such  changes  since  its  apjDointment.  Local  and 
seasonal  movements  are  constantly  going  on.  At  certain  stages  bars 
build  up  and  pools  scour.  At  others  this  jarocess  is  reversed.  Besides 
this,  there  is  a  general  down-stream  and  snake-like  movement  of  the 
sinuosities  of  the  stream.  The  current  binds  against  the  iipper  and  is 
slack  against  the  lower  side  of  points.  Therefore  the  points,  with 
their  opposite  concavities,  move  slowly  downward  from  erosion  on 
the  upper,  and  accretion  on  the  lower,  side.  The  location  of  the 
pools  and  bars  has  a  definite  relation  to  the  curvature  of  the  bends, 
the  former  lying  in  the  concavities,  alternately  on  the  right  and  left 
banks,  and  the  bars  at  the  nodes  or  reversion  points  between  the 
pools.  Hence,  as  the  bends  move  down  stream,  the  bars  and  pools 
move  with  them.  Again,  as  the  result  of  caving  on  one  and  accretion 
on  the  opposite  bank,  the  river  shifts  sideways.  Instances  are  not 
wanting  where  this  movement  has  amounted  to  its  entire  width  in 
fifteen  or  twenty  years. 

It  is  evident  that  with  these  unstable  conditions  but  little  can  be 
learned  from  isolated  or  scattered  soundings.  A  cross-section  line 
over  a  bar  may,  in  a  few  years,  lie  through  a  pool,  or  the  river  may 
have  slipped  to  one  side,  leaving  it  on  dry  ground. 

In  the  years  1881, 1882  and  1883,  the  Commission  made  an  exact  and 
detailed  survey  of  the  river  from  Cairo  to  the  head  of  the  Passes,  a  dis- 
tance of  1  063  miles,  with  cross-sections  averaging  about  four  to  the 
mile,  and  seventy-five  soundings  to  the  line.  There  was  no  better  way 
of  investigating  this  difficult  and  important  question  than  by  rej^eating 
the  survey.  This  was  done  in  1894,  1895  and  1896,  after  an  interval  of 
thirteen  years,  over  that  part  of  the  river  where  the  levee  system  had 
been  most  improved  during  the  interval,  from  the  mouth  of  White 
River  to  Donaldsonville,  La.,  a  distance  of  472  miles.  This  second  sur- 
vey was  made  in  greater  detail,  in  order  that  it  might  better  serve  for 
future  comparisons. 

There  is  a  limit  to  the  vahie  of  the  results  obtainable  even  by  this 
exhaustive  process,  of  which  the  Commission  was  aware,  but  no  better 
method  seemed  available.  A  comparison  between  the  two  surveys  would 
be  conclusive  in  proportion  to  the  similarity  of  the  stage  conditions  pre- 
ceding them  and  prevailing  while  the  parties  were  in  the  field.     Each 
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survey  was  of  sucli  magnifcude  and  detail  as  to  require  several  months,  Mr.  Harrod. 
and  it  was  improbable  that  there  would  be  a  close  repetition  of  the 
conditions  of  the  first  during  the  second. 

Both  surveys  and  the  analysis  of  their  elements  were  made  under 
the  charge  of  J.  A.  Ockerson,  M.  Am.  Soc.  C.  E.,  and  his  detailed 
report  on  them  is  found  in  the  Rei:)orts  of  the  Mississippi  River  Com- 
mission for  1896  and  18U7,  published,  respectively,  in  the  sixth  and 
fifth  parts  of  the  Reports  of  the  Chief  of  Engineers  for  those  years. 

The  following  conclusions  from  his  study  of  the  conditions  are 
well  founded: 

The  differences  found  in  these  two  surveys  do  not  necessarily  rep- 
resent all  the  changes  or  the  resultant  of  all  the  changes  that  may 
have  taken  place  between  them.  During  this  time  the  conditions  of 
the  river  bed  may  have  varied  in  both  directions  from  those  found  in 
either  survey.  They  should,  however,  indicate  any  trend,  or  per- 
sistent and  progressive  change  that  has  taken  place.  This  general 
tendency  seems  to  be  toward  a  channel  more  uniform  in  depth  and  of 
greater  capacity. 

Table  No.  1  gives  the  results  from  the  Arkansas  River  to  Yicksburg, 
200  miles. 

TABLE  No.  1. — Relation  of  Elements  in  1894  to  those  in  1881-82. 


Low  water. 

Medium  stage. 

Bank-full. 

Width 

+3.6  per  cent. 

—6 

—3.6 

+8.3  per  cent. 
—6 

+3.7 

— 0.08  percent. 

+4.5 

Area 

+3.1 

Hydraulic  radius 

+8.35 

A  composite  comparative  diagram  of  the  sections  in  this  part  of 
the  survey  is  shown  in  Fig.  1. 


MEAN  SECTIONS, 

ARKANSAS  RIVER  TO  VICKSBURG. 


Xow  Water  1891 


Bank  full  area  3)4  per  cent  greater  in  1894 
Hydraulic  radius  .325  "       *i    .* 


Fig.  1. 
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Mr.  Harrod.        The  meau  of  tlie  results  from  Vicksburg  to  Donaldson ville,  La., 
272  miles,  is  given  in  Table  No.  2. 

TABLE  No.  2. — Kelation  of  Elements  in  Survey  of  1895-96  to 
THOSE  IN  1882-83. 


Low  water. 

Medium  stage.    ]         Bank-full. 

Width 

-|-3.6  percent. 

-.5.9 

—3.8 

+3.8  percent. 

—8.1 

-0.8 

+7.5  per  cent. 

1^.9         " 

+1.4 

The  conditions  under  which  the  two  surveys  from  Vicksburg  to 
Donaklsonville  were  made  were  so  different  as  to  give  abnormal 
results.  The  first  (1882)  was  after  the  greatest  recorded  flood  and  on 
the  rise  of  the  succeeding  one,  which  was  of  considerable  magnitude, 
while  the  last  (1895-6)  was  preceded  by  two  seasons  of  extreme  low 
water,  and  a  very  moderate  intermediate  flood,  during  which  sediment 
transported  from  above  would  be  deposited  in  the  lower  part  of  the 
river,  particularly  below  Eed  River,  where  a  relatively  large  low- 
water  section,  flat  slopes,  and  corresijondingly  small  velocities  are 
found. 

A  duplication  of  the  survey  of  1881  is  now  being  made  over  that 
part  of  the  river  from  Cairo  to  the  mouth  of  the  Arkansas,  along  which 
the  levee  system  has  been  much  extended  since  1895."  In  the  future, 
at  proper  intervals  of  time,  similar  resurveys  will  be  made  over  the 
entire  river,  until  they  yield  indications  of  a  i^ersistent  and  j^rogressive 
change. 

It  may  be  assumed  that  the  low-water  plane  conforms  to  the  shape 
of  the  river  bed,  and  that  any  elevation  or  depression  of  the  latter,  as 
the  result  either  ofnatural  causes  or  of  levee  building,  will  be  recorded 
in  the  low-water  gauge  readings.  The  improvement  of  levees  during 
the  past  twenty  years,  and  their  effect  in  increasing  the  height  of 
floods,  has  been  most  marked  in  the  500  miles  of  river  in  which  are 
included  the  gauge  stations  of  Fulton,  Memphis,  Greenville  and  Lake 
Providence.  There  has,  as  yet,  been  no  levee  building  which  has 
aff"ected  the  flood  stage  at  Cairo.  The  effect  on  the  bed  of  the  river, 
therefore,  may  be  observed  by  comparing  the  low-water  stages  at  the 
Ijoints  where  levee  improvement  has  been  greatest  with  those  at  Cairo 
where  no  influence  of  the  kind  has  been  felt. 

Prior  to  1882  the  United  States  had  built  no  levees,  and  the  insuffi- 
cient and  incomplete  State  levees  existing  at  the  time  were  badly 
wrecked  by  the  flood  of  that  year,  which  left  them  in  quite  an  unser- 
viceable condition. 

If  the  average  of  the  low  waters  at  the  points  mentioned  above, 
which  have  been  selected  as  fairly  representative,  for  the  five  years 
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following  this  disaster  of  1882  (1883-84-85-86-87)  and  that  of  the  last  Mr.  Harrod. 
five  years  (1898-99-1900-01-02)  be  compared  with  the  averages  of  the 
low  waters  at  Cairo  during  the  same  two  periods,  as  a  standard,  there 
will  be  observed,  during  the  latter  period  an  average  relative  depres- 
sion of  the  low-water  surface  of  0.74  ft.  at  Fulton,  0.68  ft.  at  Memphis, 
1.60  ft.  at  Greenville,  and  1.89  ft.  at  Lake  Providence. 

These  reductions  of  the  low-water  plane  are  indicative  of  a  depres- 
sion of  the  bed,  and  are  proportionate  to  the  duration  and  degree  of 
levee  maintenance  and  imiDrovement  in  the  vicinity  of  the  gauge 
stations  mentioned. 

Table  No.  3  will  make  this  statement  clearer. 

TABLE  No.  3. 


Average  low  water. 

Cairo. 

Fulton. 

Memphis. 

Greenville. 

Lake 
Provi- 
dence. 

1883-87 

5.21 
5.35 

+0.14 

4.50 

3.90 

—0.60 

0.74 

£.57 

2.03 

— 0..54 

0.68 

5.56 

4.10 

—1.46 

1.60 

4.04 

1898-1902 

2.29 

Difference  in  averages 

Reduction  below  Cairo,  1898- 
1902 

—1.75 

1.89 

It  was  observed,  in  the  great  flood  of  1897,  that: 

"The  first  gauge  below  Red  River  to  exceed  its  previous  record  was 
the  lowest  one  on  the  river,  at  Fort  Jackson.  The  next  was  the 
Carrollton  gauge,  and  so  on,  up  to  Red  River,  where  the  gauge  did  not 
exceed  its  j^revious  record  until  sixteen  days  after  the  Carrollton 
gauge  had  done  so.  When  the  Carrollton  gauge  had  reached  its 
previous  maximum,  that  at  Red  River  still  lacked  1.6  ft.  of  the  height 
which  had  produced  that  maximum." 

The  same  prematurity  of  rise  at  the  lower  gauge  stations  occurred 
during  the  present  year.  In  a  discussion  of  this  phenomenon  by 
Major  Derby,  M.  Am.  Soc.  C.  E.,  in  the  Report  of  the  Mississippi 
River  Commission  for  1900,  it  was  considered  as  due  to  one  of  only 
three  causes:  (1st)  a  raising  of  the  bed  of  the  river  below  Carrollton; 
(2d)  the  effect  of  crevasses  and  their  closure,  or  (3d)  an  increase  of  the 
carrying  capacity  of  the  channel  between  Red  River  and  Carrollton, 
by  which  the  resistance  to  discharge  and  the  slope  over  that  200  miles 
of  river  was  reduced.  His  analysis  of  flood  waves  ranging  in  height 
at  Red  River  from  J 9.3  to  45.2  ft.  between  the  years  1872  and  1899, 
discredited  the  first  two  causes,  and  led  to  the  conclusion  that  the 
discharge  capacity  of  this  part  of  the  river  had  been  increased  during 
the  period  under  consideration. 

Besides  these  extended  comparative  observations,  others  of  a  more 
local    character   have   been   made,    in    connection    with   crevasses   or 
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Mr.  Harrod.  temiiorai'v  outlets,  as  at  Maloue's,  Eiverton,  Bolivar,  Mound  Place, 
Morganza,  Bounet  Carre  and  Cubitt's  Gap.  Whenever  the  resurvey 
was  made  after  the  occurrence  of  an  outlet,  it  showed  a  reduction  of 
the  cross-sectional  area  below.  When  made  after  closure,  an  enlarge- 
ment has  been  observed. 

When,  in  1880,  the  river  was  first  subjected  to  continuous  observa- 
tion, the  levee  system  was  in  its  infancy,  some  basins  were  entirely  un- 
leveed,  and  such  crude  levees  as  existed  were  breached  at  many  places 
by  every  high  water.  It  was  then  noticed  that  the  rise  and  fall  was 
very  different  at  diiferent  places.  When  classified,  the  greater  annual 
oscillations,  amounting  generally  to  about  45  ft.,  were  found  at  or 
near  the  mouths  of  the  tributaries,  the  Ohio,  St.  Francis,  Arkansas, 
Yazoo  and  Bed  Bivers,  while  the  lesser  ones,  averaging  only  about  35 
ft.,  were  observed  at  intermediate  points  along  the  fronts  of  the  great 
basins  drained  by  these  tributaries,  as  at  Fulton,  Memphis,  Green- 
ville, Lake  Providence  and  St.  Joseph. 

The  gauge  readings,  when  plotted,  showed  a  smooth  and  regular 
high-water  slope,  while  that  of  the  low-water  slope  was  quite  irreg- 
ular, being  depressed  about  the  junctions  of  the  tributaries,  and  raised 
between  them,  or  along  the  basin  fronts.  A  diagram  of  the  high  water 
of  1882  and  the  low  water  of  1883,  Fig.  2,  shows  that  these  differences  in 
annual  oscillation  were  caiised,  not  by  the  rise,  but  by  the  excess  of 
fall  at  the  tributaries  over  that  on  the  bars  of  the  elevated  bed  of  the 
river  between  them. 

It  was  further  indicated  by  the  discharge  observations  taken  at 
high  waters,  at  the  places  near  the  tributaries,  and  at  the  others  along 
the  basin  fronts,  that  the  discharges  at  the  former  were  about  1  500  000 
cu.  ft.  per  second,  and  exceeded  those  at  the  latter,  or  intermediate 
points  along  the  basin  fronts,  by  several  hundred  thousand  feet. 

This  difference,  from  a  quarter  to  a  half  million  feet  at  times,  had 
escaped  from  the  river  bed,  over  the  banks,  into  the  basins,  and  was 
returned  to  the  main  river  below  through  the  tributaries  which  are  the 
outfalls  for  their  normal  and  overflow  drainage.  Where  the  river  dis- 
charged between  banks  the  entire  flood  volume,  the  bed  was  deepened; 
and  where  it  discharged  only  two-thirds  of  that  volume,  the  bed  was 
shallowed.  The  depletion  of  a  thousand  floods  by  overflow  had  im- 
pressed this  shape  upon  the  bed. 

A  part  of  the  "  Levee  Theory  "  is  that  the  escape  of  flood  water 
from  the  river  along  the  fronts  into  the  adjacent  basins  caused  the 
elevation  of  bed  that  existed,  as  evidenced  by  the  low-water  slope;  and 
that,  when  this  is  prevented  by  levees,  and  the  discharge  confined,  a 
primary  effect  will  be  the  reproduction,  in  the  high-water  slope,  of 
those  elevations  which  have  been  observed  and  described  in  the  low. 
This  has  already  been  brought  about  by  the  extension  and  imj^rove- 
ment   of  levees,  and  is   measured  by  the   excessive   height  of  recent 
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HIGH-WATER  SLOPE  OF   1882,   AND   LOW-WATER   SLOPE  OF   1883. 


Fig,  2. 


338  DISCUSSION    ON    LEVEES    OF   MISSISSIPPI    RIVER. 

Mr.  Harrod.  floods  at  i^oints  situated  along  the  middle  of  basia  fronts,  as  Memiihis; 
or  Lake  Providence.  It  will  be  observed  that  an  equal  increase  of 
heights  has  not  occurred  at  the  mouths  of  the  tributaries. 

Another  jiart  of  the  "  Levee  Theory  "  is  that  a  reversal,  or  removal, 
of  the  conditions  which  have  contracted  one  part  of  the  waterway  and 
relatively  enlarged  another,  of  the  same  river,  will  remove  these  differ- 
entiations, and  that  with  a  uniform  discharge  for  each  stage,  from 
Cairo  to  the  sea,  affected  only  by  increments  from  the  normal  drainage 
of  the  basins,  through  an  erosible  bed  which  the  river  has  moulded  to 
its  needs,  these  irregularities  of  slojje,  velocity  and  section  will  dis- 
ajjpear,  and  that  there  will  result  a  regular  and  substantially  parallel 
slope  curve,  flattened  a  little  by  each  increment  of  volume  from  a 
tributary,  until  Ked  River  is  reached,  and  from  thence  down  the 
slopes  at  all  stages  will  converge  to  sea  level. 

If  the  flow  is  as  great  along  the  basin  fronts  as  at  the  tributaries, 
why  should  not  the  channel  cajjacity  of  this  strictly  sedimentary 
stream  be  as  great  at  one  place  as  at  another? 

The  condition  in  which  the  Commission  found  the  river,  and  of 
which  a  description  has  been  attempted,  is  the  result  of  many  centuries 
of  alternation  of  channel  depletion  and  enlargement  at  every  flood 
stage.  It  is  not  to  be  expected  that  an  accumulation  of  deposit,  almost 
geological  in  its  age  and  its  mass,  will  be  removed  by  five  or  ten  years 
of  levee  improvement,  or  by  a  few  great  floods  occurring  at  intervals 
of  five  or  six  years.  But,  with  the  force  and  time  we  have  on  hand, 
the  result  is  not  in  doubt.  The  evidence  of  a  start  in  this  direction  is 
given  in  a  previous  part  of  this  discussion. 

The  result  of  all  observations  seems  to  show  a  general  tendency  to 
an  enlargement  of  the  stream,  that  its  capacity  for  flood  discharge  has 
been  more  than  maintained,  and  that  the  apjjrehension  of  its  deteriora- 
tion, from  natural  causes,  or  from  levee  building,  may  be  dismissed  as, 
at  least,  unproved,  if  not  disproved. 

Consideration  must  also  be  given  to  the  floods  of  the  future,  which 
will  seek  an  outfall  through  the  channel  below  Cairo.  "Will  they  be  of 
greater  volume  than  those  of  the  jiast?  They  come  from  four  sources, 
the  Upper  Mississippi,  the  Ohio  and  the  Missouri  water-sheds,  and 
from  the  tributaries  of  the  main  trunk  below  Cairo.  It  may  generally  be 
stated  that,  when  the  first  three  form  a  combination  which  causes  a 
dangerous  stage  on  the  Lower  Mississippi,  about  two-thirds  of  the  dis- 
charge, or  1  000  000  cu.  ft.  per  second,  is  contributed  by  the  Ohio. 
This  is  the  controlling  factor  in  great  floods. 

While  the  relation  between  deforesting  and  precipitation  is  assumed 
rather  than  established,  there  is  no  doubt  that  the  processes  of  clear- 
ing, draining  and  cultivating  may  materially  aflfect  the  distribution  of 
the  run-ofi",  delivering  to  the  streams  of  outfall  a  larger  share  in  a 
shorter  time,  and  tending  to  higher  high  waters  and  lower  low  waters. 
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Under  certain  topographic  conditions,  tbeseresiilts  may  belimitedand  Mr.  Harro:l. 
even  reversed.  It  is,  therefore,  an  important  part  of  this  discussion  to 
consider  the  bearing  which  the  conditions  of  the  four  sources  of  supply 
Lave  had,  and  will  have,  upon  the  high  waters  of  the  Lower  Missis- 
sippi. 

It  seems  probable  that  the  future  changes  in  the  flood  conditions  in 
the  Upper  Mississippi  Basin  will  be  slight.  The  forests,  or  those  hav- 
ing commercial  value,  have  been  very  largely  cut  down,  cultivation 
under  improved  methods  is  already  greatly  extended,  the  reservoir 
system  may  be  increased,  and  while  the  projected  discharge  of  the 
Chicago  Canal,  constituting  about  one-tenthof  the  low-water  discharge 
of  the  river  below  Cairo  may  be  apiireciably  beneficial  to  low-water 
navigation,  its  contribution  of  about  one-half  of  1%  to  the  flood  volume 
is  too  small  for  consideration. 

It  is  unfortunate  that  the  records  do  not  extend  far  enough  back  to 
give  a  life  history  of  these  tributary  rivers,  the  gauges  having  generally 
been  established  within  the  last  thirty  years.  Fortunately,  since  it 
bears  on  the  most  important  flood  factor,  Cincinnati  is  an  exception, 
having  a  continuous  record  of  forty-flve  years.  An  examination  of  this 
shows  that,  if  this  period  is  divided  in  halves,  the  average  of  flood 
heights  on  the  Ohio  in  the  first  half  is  48.80,  and  in  the  second  52.37 
ft.  If,  however,  it  is  divided  into  thirds,  they  give  the  following  re- 
lation of  averages  for  the  three  periods:  48.51,  52.57,  and  50.69  ft.  For 
low  water,  the  average  result  for  half  periods  is  3.80  and  3.86  ft.,  and 
for  thirds  is  3.83,  3.60  and  4.06  ft.  It  does  not  appear,  therefore,  that 
on  the  Ohio  River,  for  the  last  forty-flve  years,  there  has  been  a  pro- 
gressive change  to  higher  high  waters  and  lower  low  waters  (although 
the  processes  to  which  such  a  result  is  usually  attributed  have 
presumably  continued),  but  rather  that  some  conservative  or  restorative 
influence  has  been  in  operation. 

The  high  and  low  waters  at  Cincinnati  for  the  period  under  consid- 
eration are  shojvn  in  Fig.  3. 

The  physical  conditions  in  the  Basin  of  the  Missouri  are  materially 
different  from  those  in  the  Ohio.  Except  about  the  headwaters,  it  is 
a  region  of  gentler  slopes,  largely  without  forests.  Its  jji-ogressive 
occupation  and  cultivation  will  be  accompanied  by  plowing  and  jjlant- 
mg  surfaces  which  are  now  smooth  and  barren,  and  probably  by  a 
great  development  of  reservoir  building  for  irrigation.  The  tendency 
of  these  jirocesses  should  be  to  check  the  rapidity  with  which  its  floods 
are  discharged,  and  render  less  likely  their  coincidence  Avith  those  of 
the  Ohio,  which  generally  culminate  in  February  or  March. 

The  tributaries  below  Cairo  may  be  groujDed  together  for  consid- 
eration. While  some  of  them  head  in  arid  regions  similar  to  those 
drained  by  the  Missouri,  they  generally  flow  through  flat  alluvial  lands, 
where  drainage  is  and  always  will  be  slow,  and  where  the  i^revailing 
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Mr.  Hanotl.  forests  will  be  gradually 
replaced  by  a  cultivation 
which  will  uot  materially 
hasten  the  run-oft'.  With 
overflow  excluded  from 
the  basins,  there  is  no 
reason  apparent  why  the 
natural  discharge  of  these 
drainage  systems  should 
be  materially  increased 
in  the  future. 

If  not  levees,  w^hat 
then?  Reservoii's,  or 
Outlets? 

The  tendency  of  any 
extension  of  a  reservoir 
system  on  the  Upper 
Mississippi  or  Missouri 
would  be  to  abate  floods 
on  the  Lower  Missis- 
sippi, but  probably  to  a 
degree  hardly  aj^pre- 
ciable.  Such  a  system  on 
the  Ohio,  if  practicable, 
might  produce  more  im- 
portant results.  But  the 
late  Milnor  Roberts, 
Past-President,  Am.  Soc. 
C.  E.,  closed  this  part  of 
the  subject  forever  in  his 
most  able  rejjort  of  1870. 

Outlets  have  received 
theoretic  support  in  the 
report  of  Humjjhreys  and 
Abbot,  and  of  the  United 
States  Commission  of 
Engineers  of  1875  for  the 
reclamation  of  the  alluvial 
basin  from  overflow,  but, 
after  a  detailed  examina- 
tion, they  are  imani- 
mously: 

"Forced  unwillingly 
to  the  conclusion,  that  no 
assistance  in  reclaiming 
the  alluvial  region  from 
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overflow  can  judiciously  be  anticipated  from  artificial  outlets.     They  Mr 
are  correct  in  theory,  but  no  advantageous  sites  for  their  construction 
exist." 

The  views  on  which  these  theoretical  conclusions  in  favor  of  outlets 
were  based,  viz.,  that  the  bed  of  the  stream  was  in  a  material  so  ine- 
rosible,  and  that  changes  in  volume  and  velocity  bore  so  little  relation 
to  scour  or  deposit,  that  its  shape  and  dimensions  would  not  respond 
to  these  changes,  have  not  been  upheld  by  more  recent  and  exhaustive 
observations.  These  show  that  the  bed  is  in  a  material  which  is  being 
moved  by  the  current  from  day  to  day  and  from  bar  to  bar,  and  that 
its  shape  and  dimensions  are  the  resiiltants  of  this  force. 

The  experience  in  levee  building  is  that  the  limit  to  which  the  use 
of  the  material  and  methods  of  their  construction  can  be  safely  ex- 
tended has  not  yet  been  approached.  The  larger  levees,  which  reach, 
in  sloughs  or  other  depressions,  a  height  of  30  to  40  ft.,  and  even  more, 
are  generally  considered  as  among  the  safest. 

Many  substitutes  and  reinforcements  for  the  earthen  embankment, 
of  various  materials  and  construction,  wood,  stone,  steel,  concrete, 
etc.,  have  been  proposed.  But  when  all  things  are  considered,  inclu- 
ding ease  of  construction,  economy  and  endurance,  the  outlook  at 
present  is  that  a  carefully  constructed  earthen  levee  system,  with 
sufficient  grade  and  section,  when  properly  cared  for,  presents  advan- 
tages with  which  competition  will  always  be  extremely  difficult. 

There  are  two  natural  conditions  prevailing  on  the  Mississippi 
below  Cairo  which  add  materially  to  the  practicability  and  efficiency 
of  the  "Levee  System."  One  is  the  general  presence  of  Bermuda 
grass,  which  grows  with  closely  interwoven  stems,  attached  to  the 
ground  by  root  tiifts  at  close  intervals,  and  forms  a  dense  sod,  pre- 
senting great  protection  against  wave  wash.  The  other  is  the  high 
charge  of  sediment  carried  by  the  river  at  its  higher  stages.  As  the 
water  seeps  into  and  through  the  levees,  it  is  filtered,  the  particles 
being  deposited  in  the  interstices  of  the  soil  of  which  it  is  built. 
The  clear  water  percolates  through  to  the  land  slope,  while  its  charge 
of  sediment  remains  and  gradually  diminishes  the  leakage. 

The  experience  concerning  the  cost  of  making  good  the  losses  sus- 
tained by  the  existing  levees,  from  .caving  banks  and  breaks  from  other 
causes,  has  been  collated  for  the  past  eight  years.  It  amounts  annu- 
ally, during  that  period,  to  a  little  less  than  1|  per  cent.  The  losses 
by  the  flood  of  this  season  and  by  certain  imi^ortant  works  of  renewal 
now  in  sight  will  probably  temporarily  increase  this  annual  cost  in 
the  near  future.  Also,  as  the  levees  approach  the  grade  and  section 
which  it  is  considered  necessary  to  give  them,  and  their  contents  per 
linear  foot  are  thus  increased,  the  work  of  closing  any  gap  that  may 
occur  will  be  proportionately  greater.  On  the  other  hand,  the  better 
locations,  construction  and  care  which  are  already  made  possible,  to 
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Mr.  Hurrod.  a  certain  degree,  aucl  whicli  eau,  in  the  future,  he  practiced  to  a  still 
greater  extent,  from  the  more  liberal  and  regular  suijply  of  funds, 
should  tend  to  a  reduction  of  tlie  annual  losses  from  caving  banks, 
and  the  occasional  losses  from  extreme  high  waters. 

This  increase  of  resources  can  be  expected  both  from  a  fuller  reali- 
zation by  the  General  Government  of  the  importance  of  the  work 
which  it  has  undertaken,  the  reclamation  from  overflow,  and  the 
agricultural  and  commercial  development  of  20  000  000  acres  of  the 
most  fertile  soil,  and  from  the  increasing  number  and  wealth  of  the 
communities  now  occupying  and  improving  these  lands. 

The  amount  applied  to  the  extension  and  improvement  of  the  levee 
system  of  the  Lower  Mississippi  in  the  year  1900  was  about  $2  961  000. 
Of  this,  about  $1  000  000  was  allotted  from  the  appropriation  by  Con- 
gress for  the  river  below  Cairo,  and  the  remainder  was  supplied  by  the 
levee  organizations  of  the  riparian  States.  This  is,  substantially,  the 
division  of  cost  which  has  prevailed  since  the  Government  has  shared 
in  the  construction  of  a  levee  system.  Several  of  these  local  organi- 
zations now  feel  justified,  by  their  experience  with  the  "Levee 
Theory  "  to  seek  legislative  authority  for  an  increase  of  their  contribu- 
tion by  additional  taxation  and  bond  issues. 

When  the  levee  system  of  the  Lower  Mississippi  shall  have  been 
comjileted,  it  will  still  be  but  an  engineering  structure,  subject  to  the 
vicissitudes  of  time  and  accident.  It  will  need  constant  care,  and 
occasional  renewal  of  parts.  Crevasses  will  occur  as  long  as  trains 
are  dei-ailed,  or  collide,  as  ships  are  wrecked,  or  fire-jjroof  buildings 
are  destroyed.  A  crevasse  in  the  levee  of  the  future  will  be  a  more 
serious  disaster  than  in  one  of  the  present  time,  in  projDortion  to  its 
greater  depth  and  discharge  and  the  greater  improvements  which  have 
developed  under  its  protection.  But  this  is  the  case  with  all  of  our 
work,  whose  progress  has  not  been  deterred  by  the  greater  risks  which 
are  necessarily  assumed  in  meeting  the  demands  of  modern  civilization. 

This  discussion,  already  too  long,  will  be  closed  with  a  short  com- 
parison of  the  floods  of  1897  and  1903  and  their  results. 

The  computations  of  the  discharge  measurements  of  the  last  flood 
are  not  yet  complete,  but  it  is  apparent  that  the  maximum  discharge 
of  1897  was  slightly  more  than  that  of  1903.  Greater  heights  were 
generally  reached  this  year,  mainly  along  the  fronts  of  the  basins 
where  levees  have  made  the  greatest  reduction  in  the  overflow,  but  not 
at  the  mouths  of  the  tributaries.  This  increased  height  was  due  both 
to  the  extension  of  levees  along  hitherto  unleveed  fronts,  and  to  the 
improvement  made  in  the  existing  lines  since  1897,  which  enabled  them 
to  exert  more  resistance  and  control. 

The  greatest  increase  of  flood  height  this  year  was  about  3  ft.  at 
Memphis,  where  levees  have  been  Init  recently  extended.  Neverthe- 
less, there  were,  in  1897,  between  Cairo  and  New  Orleans,  a  distance  of 
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960  miles,  forty-tliree  crevasses,  while  during  the  past  flood,  so  great  Mr.  Harrod. 
had  been  the  impi'ovemeut  of  levees  in  the  meantime,  there  were  but 
six.   While  the  limit  of  the  overflowed  area  has  not  yet  been  completely 
ascertained,  it  is  known  to  be  reduced  largely,  if  not  quite  in  proportion 
to  the  lesser  number  of  breaks. 

Table  No.  4  gives  certain  high -water  records.  In  the  third  column  is 
given  a  standard,  adopted  i^rovisionally  as  the  heights  which  great 
floods  might  be  expected  to  reach  when  controlled  by  levees.  The 
other  columns  are  exj^lained  sufficiently  by  their  headings. 

The  experience  of  1903  makes  advisable  a  revision  of  the  provisional 
standard  in  the  vicinity  of  some  of  the  gauge  stations. 

TABLE  No.  4. — High-Watee  Records. 


Gauges. 


Cairo 

Columbus 

New  Madrid 

Cottonwood  Point. . . 

Fulton 

Memphis 

Mhoon 

Helena 

Sunflower 

White  River 

Arkansas  City 

Greenville 

Lake  Providence 

Vicksburg 

St.  Joseph 

Natchez 

Red  River  Landing. 

Bayou  Sara 

Baton  Rouge 

Plaquemine 

Donaldsonville 

College  Point 

CarroUton 

Fort  Jackson 


a>  o 

.So 

s 


Miles. 


21.3 
70.. 3 
122.5 
175.4 
230.0 
270.. 3 
.306.5 
352.7 
393.2 
438.3 
478.3 
.542.3 
599.3 
648.3 
700.3 
765.3 
799.8 
833.3 
854.1 
885.4 
904.5 
957.0 
039.0 


Feet. 
54.17 
48.10 
42.90 
42.20 
40.40 
41.60 
40.20 
£4.10 
50.20 
56.40 
56.30 
.50.. 50 
48.00 
55.00 
50.80 
54.00 
52.50 
45.70 
43.20 
38.70 
34.95 
29.80 
20.35 
8.00 


btiu 


Feet. 
52.17 
45.58 
41.50 
39.35 
38.30 
37.66 
41.60 
51.75 
47.17 
53.42 
51.90 
46.75 
44.54 
52.48 
47.85 
49.82 
50.20 
43.70 
40.65 
36.25 
32.75 
27.95 
19.17 
7.20 


Feet. 
50.60 
44.40 
39.50 
40.00 
40.10 
40.60 
41.80 
51.00 
48.00 
53.70 
53.00 
49.10 
46.40 
51.80 
48.00 
50.40 
50.  OU 
43.45 
40.00 
36.19 
32.20 
27.80 
19.40 
8.00 


53  O    • 

a  ®  D 

8  ^.y 

cos  J3 

2& 


Feet. 
—1.57 

—1.18 
—2.00 
+0.65 
+1.80 
+3.00 
+0.20 
-0.75 
+0.83 
+1.28 
1.10 
2.35 
+1.86 
—0.68 
+0.15 
+0.58 
—0.20 
-0.30 
—0.65 
—0.15 
—0.55 
—0.15 
+0.23 
+0.80 


t: 


o  S  fl 

O  *^  (S 
CO      ■" 
o 
a 


01 


Feet. 
—3.57 
—3.70 
-3.40 
—2.20 
— 0..30 
—1.00 
—4.40 
—3.10 
—3.20 
—2.70 
—3.30 
—1.40 
—1.60 
-3.20 
-3.80 
-3.60 
—2.50 
—2.30 
—3.20 
—2.60 
—2.75 
-2.00 
—0.95 
—0.00 


It  will  be  observed  that  no  high  water  has  yet  reached  the  predicted 
standard. 

The  engineers  engaged  in  the  reclamation  of  the  Valley  of  the  Mis- 
sissippi River  from  overflow  know  more  about.levee  building  than  they 
have  yet  had  the  opportunity  of  putting  in  practice.  They  are  quite 
aware  of  many  and  much-needed  improvements,  both  in  their  con- 
struction and  in  their  care  and  preservation.  Up  to  the  present  time, 
the  compelling  need  has  been,  and  for  several  y^ars  will  be,  continuity 
of  line,  higher  grades  and  standard  sections.  Those  used  provisionally 
are  everywhere  below  those  considered  safe  for  great  floods,  and  the 
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Mr.  Hari'od.  present  coutentsof  levees  are  not  more  than  60%  of  what  is  eonsideretl 
necessary  for  satisfactory  protection. 

Yet,  behind  this  partial  shelter,  jiopulation  has  increased,' values 
have  risen,  wealth  has  accumulated,  comfort  and  culture  have  devel- 
oped, and  great  railroad  systems  have  extended,  at  such  a  rate  that  it 
can  be  said  that  the  reclamation  of  this  region  is  one  of  the  most 
successful  and  beneficent  public  works  now  in  progress. 

Mr.  Brown.  L.  W.  Beown,  M.  Am.  8oc.  C.  E.  (by  letter). — A  quotation  from 
Bayard  Taylor's  ode  to  the  Nile  applies  very  appropriately  to  the 
Mississippi  River: 

"Mysterious  Flood, — that  through  the  silent  sands 

Hast  wandered,  century  on  century. 
Watering  the  length  of  great  Egyptian  lands, 

Which  were  not,  but  for  thee." 

The  Mississippi  River,  from  its  mouth  to  the  head  waters  of  the 
Missouri,  has  a  length  of  4  190  miles,  and  is,  perhaps,  the  longest  river 
in  the  world.  The  navigable  waters  of  this  great  river  and  tribiitai-ies 
are  estimated  as  having  an  aggregate  length  of  more  than  15  000  miles. 

The  river  drains  an  area  embracing  56°  of  longitude,  and  21°  of 
latitude,  aggregating  1  240  050  sq.  miles;  or  41%  of  the  whole  area  of 
the  United  States,  exclusive  of  Alaska. 

Were  it  not  for  this  great  river,  the  main  trunk  of  which  flows 
through  the  very  core  of  our  coiantry,  we  would  not  have  the  vast  area 
of  rich  alluvial  lands  which  constitute,  not  only  a  large  portion  of  our 
country,  but  a  most  productive  and  vahiable  jjortion ;  and  we  woiild 
not  have,  as  a  subject  for  discussion,  the  protection  of  this  valuable 
territory  from  the  ravages  of  inundation. 

Referring  to  the  observations  of  Taylor  on  the  Nile,  the  first  thought 
is  that  this  large  and  valuable  section  of  our  country  was  made  by  the 
Mississippi  River  according  to  the  well-known  and  established  laws 
of  Nature;  and  the  further  thought  is  suggested:  Would  civilization, 
had  it  existed  during  the  period  when  this  system  of  making  a  country 
was  inaugurated  by  Nature,  have  allowed  it  to  be  done? 

If  an  answer  were  to  be  made  in  accordance  with  the  methods 
adopted  by  man  in  all  his  works,  thus  far,  in  connection  with  the 
Mississippi,  it  would,  of  necessity,  be  in  the  negative,  and,  as  a  conse- 
quence, we  would  to-day  have  no  valuable  and  extensive  territory  to. 
protect. 

It  is  perhaps  a  most  wise  provision  of  Nature,  that  her  large  and 
extensive  undertaking,  in  making  a  rich  and  productive  country,  was 
inaugurated,  and  nearly  completed,  before  civilization  was  introduced, 
otherwise  we  might  now  be  compelled  to  live  and  have  oitr  habita- 
tions in  floating  craft,  in  order  that  all  the  available  land  could  be 
utilized  for  agricultural  i^urposes  to  su^jport  us  until  we  could  com- 
plete the  filling  of  the  deep  seas  and  oceans,  which  we  are  now  strain- 
ing every  energy  to  accomplish. 
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Wlieu  man  first  settled  in  this  rich  alluvial  territory,  about  185  Mr.  Brown, 
years  ago,  he  immediately  began  the  construction  of  levees,  and  thus 
was  inaugurated  the  j^rinciple  which  has  been  extended  and  enlarged 
until  the  whole  length  of  the  river  is  now  provided  with  a  range  of 
mountains  on  each  side,  almost  completely  confining  the  waters;  and 
the  old-fashioned  method  of  building  a  country,  adopted  by  Dame 
Nature  centuries  ago,  has  been  entirely  discontinued;  and  this  method 
of  Nature's,  like  the  fashion  of  dress  worn  by  our  foi-efathers,  is,  in 
this  enlightened  age,  considered  out  of  date. 

That  levees  are  necessary  for  the  proper  protection  of  the  alluvial 
territory  from  inundation  from  the  river  admits  of  no  argument. 
They  are  absolutely  necessary;  but,  the  protection  of  the  territory,  by 
confining  the  entire  volume  in  the  main  trunk,  in  order  to  improve 
navigation,  is  most  apparently  disastrous  to  both  protection  and 
navigation,  and  it  is  reasonable  to  assume  that  we  must  either  abandon 
our  present  methods  of  protection,  in  attemjiting  to  confine  all  the 
flood  volume  in  one  main  trunk,  or  be  satisfied  to  lose  eventually,  not 
only  the  money  and  energy  expended  in  the  work,  but  also  all  the 
benefits  of  our  large  and  valuable  alluvial  territory,  as  Nature  will  not 
long  submit  to  being  "straight-laced  and  corseted." 

Voltaire  says :  ' '  The  j^rogress  of  rivers  to  the  ocean  is  not  so  rapid 
as  that  of  man  to  err." 

It  is  well  within  the  line  of  possibility,  considering  the  past  and 
existing  conditions  as  regards  the  Mississippi  floods,  that  man  has 
erred,  and  erred  sadly,  in  attempting  to  interfere  with  Nature's  laws, 
as  he  has  no  doubt  done,  in  an  endeavor  to  confine  the  whole  flood 
volume  in  one  main  trunk,  and  not  allow  the  low  places  to  be  elevated 
and  the  swamj^s  reclaimed  for  the  support,  health  and  prosperity  of 
future  generations. 

.Tt  would  appear  to  be  unnecessary,  in  the  light  of  the  information 
now  available,  and  of  the  facts  now  demonstrated,  to  detail  the  many 
reasons  why  the  total  confining  of  the  waters  of  the  Mississippi  would 
not  be  disastrous  to  all  interests,  not  only  for  the  present,  but  for  all 
future  generations. 

The  very  fact  that  we  are  neglecting  an  opportunity  to  build  up 
the  low  places,  reclaim  swamp  areas,  and  thereby  improve  the  health 
of  the  territory,  is  sufficient  evidence  that  we  are  not  making  a  proper 
use  of  Nature's  gifts;  and  it  is  possible  that  our  efforts  to  confine  the 
floods 'are  a  violation  of  Nature's  laws. 

The  futility  of  attempting  to  confine  the  flood  waters  of  the  Missis- 
sippi is  demonstrated  most  thoroughly  and  convincingly  by  a  con- 
sideration of  the  work  e.^ecuted  during  the  past  twenty-five  years,  and 
the  results  secured. 

Prior  to  the  appointment  of  the  Mississippi  River  Commission  by 
the  Federal  Government,  in  1878 — twenty-five  years  ago — no  general 
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Mr.  Brown,  or  systemized  plan  for  leveeiuf-'  tbe  river  was  attempted.  Each  State 
constructed  levees,  for  j^rotection  only,  on  sucli  lines  and  such  loca- 
tions as  best  served  their  several  interests.  At  this  time,  or  prior, 
there  was  no  thought  of  confining  the  whole  volume  of  floods. 

Since  1878,  a  combined  effort,  requiring  the  expenditure  of  a  very 
large  amount  of  money  and  energy,  has  been  made  by  the  United 
States  Government,  the  States  and  Parishes,  and  by  the  individual 
interests  bordering  on  the  stream,  to  make  a  continuous  levee  system 
throughout  the  whole  length  of  the  river,  and  to  retain  entirely  the 
flood  waters  within  the  trunk  of  the  river,  and  not  allow  the  low  places 
and  the  swamps,  which  comprise  a  very  large  area,  to  assist  in  lower- 
ing the  flood  plane. 

This  system  of  levee  construction  was  inaugurated  185  years  ago, 
but  only  during  the  i:)ast  few  years  has  it  reached  such  a  stage  of  com- 
pletion that  its  efi'ects  could  be  observed  impartially  and  practically, 
and  determined  with  reasonable  precision;  and,  while  the  system  is 
still  far  from  completion,  we  have  now  a  clear  and  positive  conception 
of  the  utter  futility  of  securing  from  the  further  completion  of  the 
system  any  reasonable  or  satisfactory  results. 

The  ultimate  disastrous  results  of  the  attemjit  to  confine  the  flood 
waters  of  the  Mississippi  (aside  from  the  tremendous  losses  from  inun- 
dation, which  are  known  and  apparent  to  all)  are  most  eloquently 
portrayed  by  a  close  observation  of  the  flood  condition  during  the  time 
when  but  a  very  small  amount  of  the  work,  forming  the  principle  of 
the  present  system,  was  completed,  as  compared  with  the  past  few 
years  when  the  system  has  been  extended  very  considerably. 

Comparing  the  flood  heights  at  Carrollton,  La.,  we  find  that  the 
great  flood  of  1828  reached  an  elevation  of  14.85  ft.  above  sea  level. 
The  great  flood  of  1851  reached  an  elevation  of  15.05ft.  above  sealevel, 
or  0. 2  ft.  higher  than  the  flood  of  1828.  The  great  flood  of  1874  reached 
an  elevation  of  15.35  ft.  above  sea  level,  or  0.3  ft.  above  the  flood  of 
1851,  or  0. 5  ft.  above  the  flood  of  1828.  The  great  flood  of  1897  reached 
an  elevation  of  18.72  ft.  above  sea  level,  or  8.37  ft.  higher  than  the  flood 
of  1874,  or  3.67  ft.  higher  than  that  of  1851,  or  3.87  ft.  higher  than  that 
of  1828.  The  flood  of  1903  reached  an  elevation  of  19.05  ft.  above  sea 
level,  or  0.33  ft.  higher  than  the  flood  of  1897,  3.70  ft.  higher  than  the 
flood  of  1874,  4.0  ft.  higher  than  the  flood  of  1851,  and  4.2  ft.  higher 
than  the  flood  of  1828. 

It  is  instructive  to  observe: 

1st. — That  during  the  twenty-three  years,  from  1828  to  1851,  the 
increase  of  flood  plane  was  only  0.2  ft.,  and  that  during  this  period 
of  twenty-three  years  very  little  protection  work  M^as  executed. 

2d. — That  during  the  twenty-three  years  from  1851  to  1874  the  in- 
crease of  flood  plane  was  only  0.3  ft.,  and  that  during  this  period  of 
twenty-three  years  considerable  protection  work  was  executed,  but  it 
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was  small  as  compared  with  that  of  the  following  period  of  twenty-  Mr.  Brown. 
three  years. 

3d.— That  during  the  twenty-three  years  from  1874  to  1H97  the  in- 
crease of  flood  plane  was  3.37  ft.  It  was  dnring  this  period  of  twenty- 
three  years,  beginning  in  1878,  that  great  activity  was  displayed  in 
the  construction  of  levees,  and  in  1897  these  levees  confined  a  very 
considerable  portion  of  the  river. 

ith. — That  in  the  short  period  of  six  years — 1897  to  1903 — the  in- 
crease of  flood  plane  was  0.33  ft.  During  this  period  of  six  years  the 
levee  system  was  considerably  enlarged,  strengthened  and  extended, 
but  was  far  from  being  comj^leted. 

5th.— That  in  1828  there  was  practically  no  protection  work. 

6th. — That  in  1851  and  1874  the  protection  works  were  very  limited, 
both  as  to  extent  and  dimensions. 

7th. — That  in  1897  and  1903  the  protection  works  were  very  large, 
both  in  extent  and  dimensions. 

8th. — That  in  none  of  these  years  of  high  floods  have  the  protection 
works  been  maintained  against  failure. 

9th. — That  we  have  no  method  of  determining  positively  what  would 
have  been  the  elevation  of  the  floods,  or  other  conditions,  had  the 
protection  works  not  failed. 

10th. — That  there  is  no  known  or  i:)roven  formula,  guide,  rtile,  or 
Ijrecedent  by  which  works  of  protection,  which  embrace  the  confining 
of  the  flood  waters,  can  be  calculated,  designed  or  constructed  with 
any  degree  of  safety. 

11th. — That  we  have  no  absolute  or  positive  evidence  that  the 
meteorological  and  climatic  conditions  during  these  years  of  high 
floods  were  abnormal,  or  that  these  conditions,  if  abnormal,  during 
these  years,  will  not  be  surpassed  in  their  intensity  to  precipitate 
floods  in  the  future.  * 

12th. — That  the  elevation  of  normal  high  water  in  later  years,  or 
from  1897,  has  reached  a  higher  elevation  above  sea  level  than  did  the 
great  flood  of  1874  or  of  those  previous  to  1874. 

The  foregoing  cursory  examination  of  flood  conditions,  covering  a 
period  of  seventy-five  years,  provides  convincing  arguments  which  show 
most  conclusively  that  we  may  not,  with  entire  economy  or  safety, 
confine  the  flood  waters  of  the  Mississippi;  and  there  exist  other  argu- 
ments and  reasons,  equally  convincing  and  tenable,  which  will  be  re- 
ferred to  briefly  as  follows: 

A. — The  present  status  of  the  material  forming  the  alluvial  basin  ' 
through  which  the  river  runs,  is  such  that  even  with  low  velocity,  a 
uniform,  constant  and  proper  waterway  or  channel  cannot  be  main- 
tained, as  is  possible  in  older  and  more  stable  territory;  and,  as  a  con- 

*  The  extraordinary  floods  in  Kansas,  Nebraska  and  Iowa,  during  the  past  few  days, 
or  since  this  discussion  was  prepared,  demonstrate  most  emphatically  the  correctness 
of  the  views  herewith  presented,  especially  in  reference  to  future  floods. 
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.  seqiTCuee,  there  would  be  no  assurance,  even  if  the  volume  of  a  flood 
could  be  calculated  and  known,  that  the  trunk  would  receive  and  dis- 
charge it  safely  and  properly,  as  the  discharging  capacity  of  the  river 
at  a  given  elevation  of  flood  plane,  is,  and  will  so  remain  for  centui'ies 
to  come,  an  absolutely  unknown  quantity — never  the  same  for  two 
seasons  in  succession — due  to  the  constant  changing  of  l)ed.  and  other 
conditions.  Hence  the  successful  confining  of  the  floods  within  the 
trunk  is  scarcely  within  the  line  of  a  possibility. 

B. — The  high  velocity  required  to  discharge  the  large  flood  volumes, 
if  confined  in  the  main  trunk  of  a  river  which  flows  through  a  new 
formation  such  as  that  comprising  the  Mississippi  alluvial,  would  be 
such  as  to  abrade  constantly  the  high  banks  which  Nature  built  orig- 
inally, and  carry  them  to  the  sea,  and  thus  not  only  destroy  what 
Nature  accomplished  for  the  benefit  of  man,  but  require  the  recon- 
struction of  levees,  upon  lower,  newer  and  less  stable  ground,  which 
would  not  only  increase  the  cost  largely,  but  increase  very  largely 
the  danger  of  their  failure. 

(7. —  The  confining  of  the  floods  of  the  Mississippi  will,  in  time, 
result  in  the  decrease  of  the  cross-section  now  existing  below  the 
natural  bank,  and,  with  the  same  volume  of  discharge,  will  raise  the 
elevation  of  the  flood  plane.  This  statement  is  made  with  the  writer's 
full  and  positive  belief  that  the  increase  of  velocity  necessary  to  dis- 
charge the  confined  flood  volumes  of  a  stream  flowing  in  alluvial 
territory,  and  which  tears  down  banks  and  biiilds  shoals  in  a  hereto- 
fore deep  pool  or  reach,  must,  of  necessity,  gradually  bixt  surely  shoal 
the  bottom  and  foul  the  sides,  thus  decreasing  the  original  cross- 
section.  This  statement  and  belief  is  substantiated  by  the  history  of 
alluvial  rivers  in  older  countries,  and  is  also  verified  by  an  examina- 
tion of  the  cross-section  of  the  river  at  Carrollton  for  a  period  covering 
seventy  years. 

Table  No.  5  is  constructed  to  shoAv  that  in  seventy  years  the  cross- 
section  below  the  natural  bank  at  Carrollton  has  decreased. 

TABLE  No.  5. 
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Tlie  cliscliarge  data  for  1903,  ■when  it  is  received,  will  no  douht  Mr 
furnish  very  interesting  additional  information. 

It  will  be  observed  tbat  the  cross-section  below  the  flood  plane  of 
1828  was  207  sq.  ft.  less  than  in  1851;  the  section  in  1874  was  13  647 
sq.  ft.  less  than  in  1828;  in  1897  it  was  12  694  sq.  ft.  less;  and  in 
1898  —normal  flood— 14  965  sq.  ft.  less. 

The  discharge  data  for  1896,  if  obtainable,  would  be  very  interest- 
ing to  show  what  scour  was  occasioned  by  the  high  velocities  of  1897 — 
which  velocities,  as  recorded  by  scientific  investigation,  were  sufiicient 
to  abrade  stratified  rock — and  it  is  somewhat  surjjrising  that  the  high 
velocities  of  the  flood  of  1897  did  not  recover  the  section  as  it  existed 
in  1828.  It  will  also  be  noted  that  the  section  below  the  flood  plane 
of  1828  was,  in  1898 — a  year  of  normal  flood — 2  271  sq.  ft.  less  than  in 
1897. 

The  application  of  Kutter's  formula  for  the  discharge  of  streams 
shows  that  the  floods  of  the  Mississipi^i  are  not  consistent  under  com- 
parative conditions.  The  flood  of  1851,  which  had  a  cross-section 
of  186  644  sq.  ft.  and  a  slope  of  0.125  ft.  per  mile — by  formula— would 
have  a  velocity  of  6.22  ft.  and  a  discharge  of  1  160  926  cu.  ft.  The 
actual  gauging  of  the  stream  was  5.99  ft.  velocity  and  1  118  000  cu.  ft. 
discharge.  The  flood  of  1897,  when  the  area  was  184  800  sq.  ft.  and 
the  slope  0. 156  ft.  per  mile — by  formula — would  have  a  velocity  of 
6.512  ft.  and  a  discharge  of  1  203  417  cu.  ft.  The  actiial  gauging, 
however,  shows  7.30  ft.  velocity  and  1  350  000  cu.  ft.  discharge. 

D. — ^Our  country,  to-day,  is  rich,  prosperous  and  powerfiil,  and 
can,  perchance,  by  great  exertion,  raise  the  necessary  funds  to  construct 
and  maintaiu  these  very  large  and  expensive  levee  lines  to  confine 
tlie  river  (but  it  can  never  be  accomplished  and  absolute  safety 
•assured);  but  in  times  of  adversity,  which  every  country  may  expect 
to  experience,  and  funds  are  lacking  to  maintain  them  properly,  what 
will  become  of  this  great  levee  system,  which  requires  constant  watch- 
ing, guarding,  and  the  annual  expenditure  of  large  sums  of  money? 
And  if  the  levee  system,  when  constructed,  if  it  were  possible,  to  the 
acme  of  success,  as  far  as  confining  the  flood  waters  is  concerned,  is 
by  necessity  forced  to  be  neglected,  what  becomes  of  our  rich  alluvial 
country  ? 

Works  affecting  such  enormous  values,  as  do  the  works  of  protec- 
tion against  inundation  by  the  floods  of  the  Mississippi,  must,  of 
necessity,  to  be  worthy  of  adoption,  be  such  as  will  not  confiscate  the 
country  in  their  construction;  and  also  such  as  will  serve  reasonably 
well  the  purpose  for  which  they  were  constructed,  were  they,  from 
expediency,  forced  to  be  neglected  for  a  time. 

E. — In  time  of  war,  the  levee  system  of  the  Mississippi,  if  it  could 
be  constructed  to  confine  ultimately  the  flood  volumes,  would  be  of 
national  and  international  importance  as  an  engine  of  warfare,  and  its 


350  DISCUSSIONT    ON    LEVEES   OF    MISSISSIPPI    KIVER. 

Mr.  Brown,  control  would  be  cootested  liotly.  To  the  country  owning  it,  it  would 
present  an  ever-abiding  menace,  for  should  an  enemy  obtain  control, 
for  a  few  hours  only,  of  any  iiart  of  the  territory  embracing  the 
system,  a  very  powerful  and  readily-operated  weajjon  would  be 
secured,  as  with  great  dispatch,  effectiveness,  and  at  the  least  pos- 
sible cost,  a  whole  country  could  be  submerged  and  devastated,  and 
the  operations  of  a  whole  army  be  practically  stoi)ped. 

F. — The  continuation  of  the  jjresent  system,  and  the  attempt  to 
confine  the  flood  waters  of  the  river,  will  require  the  construction,  in 
the  very  near  future,  of  levees  of  enormous  i^roportions,  which  will 
be  a  very  heavy  burden  on  the  whole  country  as  well  as  on  the 
alluvial  territory,  and  no  positive  or  lasting  good  will  be  secured. 
And  it  would  appear  that,  before  proceeding  further  with  the  under- 
taking, a  very  careful  consideration  should  be  given  the  matter,  and 
an  endeavor  made  to  secure,  if  possible,  some  less  expensive,  more 
satisfactory  and  efficient  method  of  protecting  this  valuable  section, 
as  also  one  which  will  conform  better  to  Nature's  laws,  and  secure 
for  posterity  all  the  advantages  and  benefits  possible. 

The  problem  j^resented  is  apparently  most  intricate  from  every 
point  of  view,  and  will,  ijerhajjs,  requh'e  most  careful  and  searching 
investigation  and  study;  but  the  solution  should  not  be  delayed,  as 
the  settling  up  and  improving  of  the  territory  presents  additional 
comjjlication  and  trouble,  and  the  quicker  we  determine  upon  the 
l^roper  method  to  be  adopted,  the  better  for  all  j^resent  and  future 
interests. 

It  is  appai-ent.  however,  that  the  intricacies  of  the  solution  of  the 
problem  lie  more  in  the  detail  than  in  the  general  principle  of  a 
system  which  will  accomi)lish  the  desired  results  properly  and 
satisfactorily.  By  a  consideration  of  the  topographical  conditions 
of  the  territory,  in  conjunction  with  what  is  reasonable  to  assume 
would  be  Nature's  methods  in  handling  the  problem,  if  not  inter- 
fered with  by  the  work  of  man,  together  with  the  experiences,  data, 
and  facts  secured  during  the  past  seventy-five  years,  a  very  clear  and 
positive  general  principle  is  descried. 

Referring  to  the  topography  of  the  territory,  it  will  be  observed 
that  the  main  trunk  of  the  Mississippi,  from  the  mouth  of  the  Ohio  to 
Memphis,  is  located  on  the  extreme  easterly  edge  of  the  alluvial 
embayment,  directly  against  the  high  bluff  territory  of  a  former 
geological  age,  and  has  a  general  direction  almost  due  south.  It 
will  also  be  observed  that,  from  Memi^his,  the  trunk  leaves  the 
higher  and  older  territory  and  runs  southwest  diagonally  across  the 
alluvial  to  Arkansas  City,  when  it  assumes  a  sotitheasterly  direction 
and  recrosses  the  alluvial  on  a  diagonal  from  Arkansas  City  to  Vicks- 
burg,  where  it  again  strikes  the  higher  and  older  country,  on  the 
extreme  east  of  the  alluvial. 
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From  Vicksburgto  Natchez  the  river  runs  southwest;  from  Natchez  Mr.  Brown, 
to  the  mouth  of  the  Red  River  the  direction  is  about  due  south;  and, 
from  the  mouth  of  the  Red  River  to  Plaquemine,  the  direction  is  south- 
west. The  trunk  of  the  river,  from  Vicksburg  to  Plaquemine,  hugs 
the  higher  and  older  country  lying  to  the  extreme  east  of  the  alltivial. 
From  Plaquemine  to  New  Orleans  the  general  direction  is  but  a  little 
south  of  east,  and  between  these  points  the  trunk  keeps  well  to  the 
north  of  the  alluvial  territory  as  it  exists  to-day,  paralleling  the 
southern  limits  of  the  higher  and  older  territory.  From  New  Orleans 
to  the  sea  the  general  direction  is  southeast,  and  directly  through  the 
alluvial. 

It  will  be  observed  that  the  river  hiigs  the  high  country  on  the  east 
side  of  the  alluvial  embayment  throughout  its  whole  length,  from  the 
mouth  of  the  Ohio  to  near  New  Orleans,  excepting  between  Memphis 
and  Vicksburg,  and  that  the  tendency  of  the  river  throughout  is  to 
hug  or  parallel  this  higher  or  older  territory  on  the  east. 

The  older  geological  formation  on  the  east  of  the  alluvial  is  much 
higher  and  more  abrupt,  where  it  meets  the  alluvial,  than  is  this  older 
territory  on  the  west;  hence  the  tributaries  entering  the  trunk  from 
the  east  have  sufficient  velocity  and  abrading  force  to  cut  a  waterway 
through  the  alluvial  banks  of  the  trunk;  and  the  formation  of  the 
older  territory  has  more  resistance  against  abrasion  than  the  alluvial, 
and  hence  jjrovides  a  waterway  of  more  stability.  A  further  cause  is 
due  to  the  fact  that  the  sediment  of  an  alluvial  stream  which  deposits 
and  raises  the  banks  and  the  surrounding  country  on  both  sides  of  the 
stream  will  in  time  provide  a  cause  for  the  change  of  the  bed  or  trunk 
of  the  stream  by  the  abrading  and  tearing  down  of  the  banks  on  that 
side  of  the  stream  which  receives  tributaries  which  have  sufficient 
power  to  abrade  and  tear  down,  as,  for  the  reasons  mentioned,  the 
tributaries  from  the  east  no  doubt  have. 

That  at  a  former  jaeriod  of  time  the  trunk  of  the  Mississippi  was 
far  to  the  west  of  its  existing  location  is  shown  clearly  by  the  existence 
of  the  high  ridges  lying  between  the  western  edge  of  the  alluvial  em- 
bayment and  the  present  trunk,  or,  perhajjs  there  were  at  times  several 
well-defined  trunks. 

The  existing  topography  would  indicate  clearly  that  at  one  time 
the  Red  River  discharged  into  the  sea,  perhaps  as  far  west  as  Cote 
Blanche  Bay;  and  when  we  consider  that  the  westerly  and  southerly 
banks  of  the  streams — whether  one  or  more — which  existed  previously 
in  the  alluvial  territory  were  subjected  to  less  abrasion  and  wear  from 
tributaries  than  were  the  easterly  and  northerly  banks,  the  cause  for 
the  present  location  of  the  trunk  is  clearly  shown. 

Had  the  alluvial  basin  of  the  Mississippi  not  been  inhabited  for 
centuries  to  come,  and  had  Nature  been  allowed  to  finish  the  work  in 
her  own  way,  there  is  no  doubt  that  eventually  there  would  have  been 
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Mr.  Bn.wn.  two  large  separate  and  distinct  rivers,  extending  from  about  Cape 
Girardeau — or  from  a  point  above  the  mouth  of  the  Ohio — to  the  sea; 
one  directly  adjacent  to  the  old  and  high  territory  on  the  extreme  east 
and  north  of  the  alluvial  embaymeut,  which  could  receive  and  deliver 
to  the  sea  all  the  waters  from  the  eastern  tributaries,  and  one  on  the 
extreme  west  of  the  embayment,  receiving  and  discharging  all  the 
waters  from  the  western  tributaries. 

The  process  of  the  formation  of  these  rivers  would  be  that  the 
trunk  as  now  existing  would  be  gradually  moved,  by  the  constant 
abrasion  and  tearing  down  of  deposits  on  the  eastern  and  northern 
banks  by  the  tributaries  from  the  east,  until  it  occujJied  a  position 
directly  against  the  higher,  older  and  more  stable  formation  forming 
the  eastern  and  northern  boundary  of  the  alluvial;  and  the  trunk,  from 
Memphis  to  Vicksburg,  would  probably  pass  in  the  neighborhood  of 
the  present  towns  of  Charleston,  Greenwood  and  Yazoo  City,  in  the 
State  of  Mississippi;  and,  from  below  Baton  Rouge,  the  river  would 
flow  through  Lakes  Marapau  and  Pontchartrain  and  discharge  into 
Mississiijpi  Sound  through  the  territory  between  the  Rigolets  and 
Chef-Menteur. 

The  length  of  the  river  by  this  route,  from  Baton  Eouge  to  Mis- 
sissippi Sound — tide  water — would  be  about  95  miles.  From  Baton 
Rouge  to  the  sea  by  the  present  trunk  is  220  miles,  or  125  miles  further 
than  the  route  which  Nature  no  doubt  proposed  to  adopt  ultimately. 

When  this  eastern  main  trunk  had  become  permanently  located 
directly  against  the  older  and  more  stable  formation  on  the  east;  and 
the  west  bank  of  the  stream  had  become  in  time  sufficiently  elevated, 
from  the  annual  deposits  of  an  alluvial  river,  to  exclude  the  waters 
from  the  west,  these  waters  from  the  west  would  seek  and  cut  a 
channel  in  the  alluvial  on  the  west  of  the  main  trunk,  and  begin  to 
discharge  directly  to  the  sea,  entirely  independent  of  the  main  trunk 
located  adjacent  to  the  eastern  shore  of  the  alluvial;  and  this  inde- 
pendent stream,  conveying  the  waters  from  the  west  to  the  sea,  would 
be  moved  westward  gradually  until  it  occupied  a  location  directly 
adjacent  to  the  older  lands  on  the  western  edge  of  the  alluvial. 

The  process  of  moving  this  second  stream,  and  the  cause,  would 
be  the  same  as  that  which  had  moved  the  trunk  to  the  extreme  east- 
ern limit  of  the  alluvial.  The  western  bank  of  the  second  stream 
would  be  constantly  torn  and  abraded  by  the  waters  from  the  western 
tributaries,  and  the  ultimate  delta  of  this  second  river  connecting 
with  sea  would  no  doubt  be  as  far  west  as  the  western  limit  of  the 
alluvial  embayment — about  at  Cote  Blanche  Bay. 

The  alluvial  territory  between  these  two  streams,  at  the  time  when 
they  were  ultimately  developed,  would  be  well  filled,  and  high,  with 
lakes  and  drainage  branches  and  a  drain  directly  to  the  sea  entirely 
independent  of  the  two  main  rivers. 
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Tlie  study  of  the  subject,  on  the  basis  of  carrying  out  practically  Mr.  Brown, 
the  principle  adopted  by  Nature,  with  such  modifications  as  will  rea- 
sonably meet  the  conditions  of  the  alluvial  as  they  now  exist,  wotild 
perhajis  develop  a  measure  by  which  the  low  swamj)  regions  of  the 
territory  would  be  utilized  by  connecting  them,  where  necessary,  by 
cutting  through  the  ridges,  and  thus  provide  a  secondary  stream  to 
carry  the  surplus  water  direct  to  the  sea. 

The  high  land  surrounding  these  low  swamp  places  could  be  jiro- 
tected  by  levees,  and  this  secondary  stream  could  extend  from  near 
the  junction  of  the  Ohio  to  the  sea,  the  main  trunk  of  the  river  being- 
arranged  so  as  to  deliver  all  flow  above  a  certain  stage  direct  into  this 
secondary  stream. 

Assuming  that  the  future  floods  will  aggregate  a  maximum  flow  of 
1  500  000  cu.  ft.  per  second,  it  is  reasonable  to  assume  that  the  main 
trunk  will  discharge,  for  a  century  to  come,  without  any  large  addi- 
tional improvement,  900  000  cu.  ft.  per  second,  at  a  flood  elevation 
not  exceeding  that  of  1874.  The  maximum  volume  to  be  delivered 
by  this  secondary  stream  would  be  600  000  cu.  ft.  per  second;  and  if 
this  stream  were  two  miles  wide,  with  an  average  depth  of  9  ft.,  it 
would  discharge  this  volume  with  a  velocity  of  about  6  ft. 

This  secondary  stream,  to  embrace  the  full  area  of  the  low  swamp 
territory,  would  have  an  average  width  largely  exceeding  two  miles,  and 
the  width  through  the  ridges  would  be  made  to  suit  the  conditions. 

Cross-levees,  forming  reservoirs,  could  be  constructed  where 
desired,  and  outlets  from  the  stream,  to  reservoirs  on  either  side, 
could  be  constructed  as  might  be  found  expedient.  An  oj^portunity 
would  thus  be  off'ered  for  the  retention  of  as  much  water  as  might  be 
desired  for  industrial  and  agricultural  purjjoses,  and  the  swamps 
would  be  gradually  filled.  The  volumes  retained  in  this  secondary 
stream  as  a  reservoir,  and  in  the  special  reservoirs,  would  reduce 
materially  this  maximiim  aggregate  volume  of  600  000  cu.  ft.  per 
second. 

To  describe  the  measure  in  more  detail,  yet  in  a  general  way,  it  is 
suggested  to  provide  a  secondary  stream  by  leveeing  in  all  the  swamp 
territory  lying  west  of  the  existing  trimk,  and  extending  from  near 
Dog  Tooth  Bend,  above  Cairo,  to  a  point  near  Helena.  This  swamp 
embraces  the  Hatchie  Coon  sunken  lands.  Roaring  River  and  St. 
Frances  Lake.  The  secondary  stream  should  be  connected  with  the 
river  by  suitable  waste  weirs,  of  proper  proi)ortions,  near  Dog  Tooth 
Bend,  and  also  at  such  other  i:)oints  as  might  be  found  necessary,  as 
at  New  Madrid  and  Centennial  Lake  by  cross-levees;  which  latter,  as 
outlets,  would  admit  of  filling  the  extensive  low  swamp  areas  em- 
bracing Lake  Nicormy,  Big  Lake  and  Tyronza  Lake,  when  the  adjacent 
high  land  was  protected  by  levees. 

This  secondary  river  should  enter  the  main  trunk  near  Helena. 
From  Helena,  the  secondary  stream  should  be  continued  on  the  east  side 
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Mr.  Brown,  of  the  main  trunk  from  near  Helena  to  near  Vicksburg,  through  the 
low  swamp  lands  embracing  either  the  Big  Sunflower  or  the  Yazoo 
Eivers.  The  levees  embracing  these  swamps  should  be  located  so  as 
to  protect  properly  all  the  adjacent  high  and  improved  territory. 

From  Vicksburg,  the  secondary  stream  should  be  continued  on  the 
west  side  of  the  main  trunk,  from  a  point  near  Vicksburg  to  the  Eed 
River,  and  would  be  formed  by  the  leveeing  of  the  large  swamp  areas 
embracing  the  Tensas  and  Black  Rivers. 

From  the  Red  River  to  near  New  Orleans  it  is  suggested  to  improve 
the  trunk  of  the  river  so  as  to  deliver  an  approximate  maximum  of 
1  300  000  cu.  ft.  per  second,  for  use  in  filling  up  the  large  areas  of  low 
swamp  lands  east  of  the  Lafourche.  The  waste  weir  at  the  Red  River 
should  be  constructed  so  as  to  deliver  the  surplus  into  the  immense 
swamps  bordering  the  Atchafalaya  River.  All  the  high  land  sur- 
rounding these  swamps  should  be  properly  protected  by  levees,  the 
surplus  water  finding  its  way  to  the  sea  over  the  extensive  marsh  bor- 
dering Atchafalaya  Bay. 

All  the  high  lands  bordering  the  large  swamp  areas  east  of  the 
Lafoiirehe  shoiild  be  properly  protected  by  levees,  and  these  swamjas 
connected  with  the  main  trunk  of  the  river  by  a  suitable  waste  weii*. 
A  waste  weir  of  proper  proportions  and  construction  should  be 
located  on  the  east  bank  of  the  rivei-,  near  Grand  View  Reach,  and  con- 
nected by  cross-levees  with  Lake  Marapau. 

The  object  of  connecting  the  large  swamps  east  of  the  Lafourche, 
and  those  surrounding  Lake  Marapau,  would  be  to  fill  them  gradually, 
and  in  course  of  time  render  them  of  value  for  cultivation. 

The  locations  referred  to  in  the  foregoing  outlined  description  are 
merely  to  serve  as  explanatory  of  the  proj^osed  system.  The  determi- 
nation of  the  details,  as  to  the  location  of  relief  works,  or  of  the  sec- 
ondary stream,  or  of  making  this  secondary  stream  entirely  indejaend- 
ent  of  the  mam  trunk,  instead  of  being  connected  as  described,  would 
be  determined  by  the  conditions  developed  from  a  thorough  survey 
and  investigation  of  the  territory. 

The  drainage  of  the  high  and  improved  territory,  under  the  condi- 
tions resulting  from  the  method  of  protection  outlined  herein,  would, 
of  necessity,  require  to  be  artificial,  which,  as  a  matter  of  fact,  where 
any  proper  drainage  exists,  is  that  under  existing  conditions. 

The  effective  and  economic  construction  of  the  levees  to  confine  the 
waters  in  the  swamps  and  low  places,  throughout  the  territory,  would 
be  by  floating  dipper  dredges,  which,  in  the  formation  of  levees,  would 
construct  proper  drainage  canals  to  serve  the  adjacent  high  and  im- 
proved territory,  and  provide  proper  and  economical  service  to  all 
interests.  The  drainage  of  the  territory  should  be  designed  and  oper- 
ated by  the  same  authority  which  controls  the  protection  system,  and 
thus  be  made  part  of  the  protection  work. 

The  ijrotection  of  the  alluvial  lands  from  inundation,  by  a  system 
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wliich  will  relieve  the  main  trunk  of  the  excessively  high  flood  jilanes  Mr.  Brown, 
and  accompanying  high  velocities  and  other  conditions  which  are  det- 
rimental to,  and  incongruous  with,  a  permanent  channel  location,  will 
improve  most  materially  the  navigation  of  the  stream,  and  will  admit 
of  some  reasonably  satisfactory  and  efficient  results  being  secured 
from  th§  construction  of  works  for  that  purj^ose.  It  will  also  admit 
of  such  works  being  maintained  in  position  to  serve  the  object  for 
which  they  were  constructed. 

The  construction  of  the  levees  on  the  main  trunk  of  the  river,  on 
such  lines  as  will  admit  of  a  more  uniform  cross-section  for  flood  vol- 
umes than  is  now  provided,  and  the  clearing  of  all  the  batture  areas, 
between  levee  lines,  of  trees  and  undergrowth,  Avhich  interfere  with  the 
free  flow  of  the  water,  and  the  maintaining  of  this  water  section  free 
from  obstructions,  will  increase  the  flood  discharge,  and  also  assist 
most  materially  in  maintaining  a  permanent  channel,  which  will 
thereby  imi:>rove  the   navigation  of  the  stream. 

The  momentous  advantages  sought  to  be  secured  are: 

1st. — Reduction  of  the  flood  plane; 

2d. — Reduction  of  the  dimensions  of  levees; 

3d. — Reduction  of  flood  velocities  in  the  main  trunk; 

4th. — The  formation  of  a  more  stable  bed  for  the  main  trunk, 
thereby  avoiding  the  abrasion  of  the  high  banks; 

5th. — The  reduction  of  the  fouling  of  the  bottom  and  sides  of  the 
main  trunk; 

6th. — The  maintenance  of  a  reasonably  jaermanent  channel,  thus 
imjaroving  the  navigation  of  the  stream; 

7th. — The  gradual  filling  of  the  swamps  and  low  places; 

8th. — The  improvement  of  the  health  of  the  country; 

9th. — The  retention  of  all  water  necessary  for  industrial  and  agricul- 
tural purposes; 

10th. — The  economy  and  efficiency  of  all  works  constructed  for  the 
protection  of  the  territory,  and  for  the  navigation  of  the  river; 

11th. — The  positive  protection  of  all  the  improved  jsrojierty  against 
inundation. 

When  the  subject  of  the  protection  of  alluvial  lands  is  forced  upon 
the  civil  engineer  by  dire  calamity,  resulting  from  the  failure  of  pro- 
tection works,  he  is  attracted  by  its  great  importance,  and  even  in  giv- 
ing a  passing  thought  to  the  subject,  he  is  astonished  and  amazed. 
The  consideration  of  the  many  combinations  of  varied  conditions 
existing  in  the  vast  territory  tributary  to  the  Mississippi,  coujjled  with 
probable  futu.re  meteorological  and  climatic  changes,  and  the  con- 
sideration of  the  alluvial  embayment  as  it  was  in  times  past,  as  it  is  in 
this  age,  and  as  it  will  be  in  future  ages — or  would  have  been  had  it  not 
been  inhabited — jirovides  material  for  deeja  reflection,  and  causes  man, 
even  in  this  age  of  great  engineering  attainments,  to  pause  before  as- 
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Mr.  Brown,  suming  a  resiionsibility  in  connection  with  a  work  whicli  will  affect 
all  future  ages.  Thus  the  very  important  question  is  iDresentecl:  Shall 
the  present  system,'  confining  all  the  flood  waters  in  one  trunk, 
which  entails  disastrous  results  to  all  present  and  future  interests, 
be  continued  in  opposition  to  Nature's  laws;  or  shall  our  works  of 
l^rotection  be  modified  so  as  to  carry  out  the  design  of  Nature  in  a 
reasonable  way,  thus  securing  the  greatest  possible  benefit  to  all  inter- 
ests of  this  and  of  future  ages  ? 
Mr.  Ockerson.  J-  A.  OcKEKSON,  M.  Am.  Soc.  C.  E.  (by  letter). — In  early  days, 
prior  to  the  advent  of  the  levee  system,  the  steamboat-man  and  the 
passenger  going  down  the  Mississippi  Eiver  saw  a  narrow  strip  of 
cultivated  land  along  the  immediate  banks  of  the  river.  They  did  not 
realize  that  for  forty  to  sixty  miles  beyond  that  strip  the  alluvial  basin 
was  practically  uninhabited  and  its  rich  soil  untilled. 

They  saw  the  fields  covered  with  water  during  flood  times,  to  a 
depth  of  perhaps  3  or  4  ft.,  and  very  limited  areas  in  certain  localities, 
develoi)ed  by  radical  changes  in  the  regimen  of  the  river,  were  known 
to  be  above  water  except  during  extraordinary  floods.  They  did  not 
appreciate  the  fact  that  perhaj^s  five  miles  farther  back  the  water  was 
10  ft.,  or  more,  in  depth;  that,  without  levees  to  control  the  floods, 
these  great  interior  basins  could  not  be  inhabited  or  cultivated. 

In  the  meantime  systematic  levee  work  began,  and,  year  by  year, 
the  levees  are  gradually  being  brought  up  to  stich  height  as  will  finally 
effectually  carry  the  greatest  floods  safely  to  the  sea.  These  same  men 
notice  that  the  flood  water,  on  thebattures  and  the  lands  between  the 
levees,  gradually  becomes  deeper  and  the  levees  grow  higher,  and  they 
conclude  that  if  the  levees  can  ever  be  made  to  control  the  floods 
at  all  they  will  ultimately  "reach  the  tree  tops  in  height."  They 
are  fully  convinced  and  most  positive  in  their  opinion  that  the  increase 
in  flood  height  is  due  to  the  raising  of  the  river  bed. 

To  the  engineer,  it  is  no  surprise  that  there  should  be  an  increase 
in  the  height  of  a  flood  confined  between  levees  from  one  to  five  miles 
apart  over  that  of  a  flood  confined  only  by  the  hills  that  limit  the 
basins  with  a  width  of  forty  to  sixty  miles.  More  than  that,  the  engi- 
neer, in  the  beginning  of  the  work,  computed  the  heights  which  the 
maximum  confined  flood  would  ultimately  reach,  and  the  results  have 
shown  that  his  calculations  are  very  near  the  mark. 

Everyone  familiar,  even  to  a  slight  degree,  with  the  physical  char- 
acteristics of  the  river,  has  noticed  the  extraordinary  local  changes 
that  occur  in  brief  intervals  of  time.  Very  few,  however,  realize  the 
fact  that  tangible  changes  in  the  general  regimen  of  the  river  require 
long  jjeriods  of  time. 

The  belief,  among  laymen,  that  there  is  a  general  progressive  eleva- 
tion of  the  bed  of  the  stream  goiog.  on,  which  is  augmented  by  levees, 
is  widespread.     Statements  have  been  made,  by  those  who  ought  to 
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know  better,  that  the  bed  of  the  river  at  New  Orleans  is  higher  than  Mr.  Ockerson. 
the  adjacent  laud,  while  the  fact  is,  that  the  bed  is  some  200  ft.  below 
the  land. 

A  former  Secretary  of  War,  in  discussing  this  question  with  the 
writer,  stated  that  he  proposed  to  settle  the  vexing  question  himself 
by  "  measuring  the  river  in  several  places."  Just  what  he  intended 
to  compare  the  measurements  with,  or  how  he  proposed  to  eliminate 
the  effect  of  purely  local  changes,  does  not  appear. 

The  statement  that  the  Mississippi  River  Commission  had  already 
naade  many  thousands  of  such  measurements,  covering  some  425 
miles  of  river,  may  have  had  something  to  do  with  the  abandonment  of 
his  project. 

Without  any  preconceived  theory  to  prove,  and  with  a  view  of 
«imply  ascertaining  the  facts  in  the  case,  the  writer  prepared  in  1894  a 
project  for  a  resurvey  of  the  river  from  the  mouth  of  the  Arkansas 
River  to  Donaldsonville — a  distance  of  425  miles — and  this  project  was 
approved  by  the  Mississippi  River  Commission. 

The  first  general  survey  had  been  made,  much  of  it  under  the  per- 
sonal supervision  of  the  writer,  some  twelve  to  fifteen  years  prior  to 
that  time.  This  first  survey  comprised  accurate  lines  of  levels,  with 
established  bench-marks  at  intervals  of  three  miles.  Each  line  of 
soundings  across  the  river  (at  frequent  intervals),  had  its  water-surface 
elevation  determined  by  levels,  hence  an  accurate  cross-section  of  the 
bed  could  be  plotted.  Surveys  made  at  the  later  date,  referred  to  the 
same  bench-marks  and  the  same  datum,  gave  reliable  data  from  which 
to  determine  the  difference  in  conditions  at  the  two  epochs. 

A  careful  comparison  of  the  two  would,  of  cotii'se,  disclose  any 
■general  changes  of  considerable  magnitude  in  the  elevation  or  capacity 
of  the  bed. 

The  thousands  of  cross-sections  of  the  two  surveys  were  carefully 
plotted,  their  respective  areas  measured,  and  their  mean  and  maxi- 
mum depths  determined.  Then  comparisons  were  made  between 
individual  sections  and  between  corresponding  groups  of  sections 
comprising  successive  pools  and  crossings.  All  this  entailed  an 
enormous  amount  of  painstaking  work,  and  the  conclusions  are  as 
follows: 

The  crests  of  the  low-water  bars,  as  well  as  the  high-water  bars, 
were  found  to  be  lower.  About  half  of  the  total  length  resurveyed 
showed  a  depression  of  the  thalweg,  and  about  an  equal  amount 
showed  a  slight  elevation  confined  chiefly  to  the  pools. 

The  results  reached  by  this  investigation  are  not  as  specific  as 
might  be  desired,  but  it  does  not  seem  possible  that  such  great  eleva- 
tions of  bed  as  would  be  required  to  account  for  increased  flood 
heights  could  escape  detection. 

Embracing,  as  it  did,  a  comparison  of  2  768  cross-sections  of  the 
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Mr.  Ockerson.  river,  together  with  something  like  150  000  elevations,  it  seems  to 
prove  beyond  a  reasonable  doubt,  if  any  such  jsroof  be  really  needed, 
that  the  elevation  of  a  confined  flood  in  the  Mississippi  is  not  due  to 
the  elevation  of  the  bed  of  the  river. 

There  is  a  still  more  simple  proof  which  should  be  satisfactory 
to  all,  even  if  highly  prejudiced  against  a  levee  system. 

Gauges  are  established  at  intervals  along  the  river,  and  are  con- 
nected with  several  permanent  bench-marks  in  the  immediate  vicinity. 
Frequent  inspections  keep  the  gauge  zeros  at  the  same  height  from 
year  to  year.  The  readings  are  taken  by  reliable  observers,  both 
morning  and  evening,  and  a  continuous  record  is  thus  maintained 
throughout  both  high  and  low  waters. 

These  records  show  in  the  most  j)0sitive  way  that  the  low  waters 
of  recent  years  are  several  feet  lower  than  those  of  earlier  years,  with 
equal  volume  of  flow  and  with  equal  channel  depths. 

Only  one  explanation  of  this  condition  is  jjossible.  It  points 
unerringly  to  a  depression  of  the  bed  of  the  stream,  and  should 
effectually  set  at  rest  any  fears  that  there  is  such  a  thing  as  a  tangible 
progressive  elevation  of  the  river  bed. 

During  the  height  of  the  flood  of  1903  the  Mississippi  River  Com- 
mission viewed  the  river  from  St.  Louis  to  the  Gulf  of  Mexico.  Any- 
one who  could  have  seen,  as  they  did,  hundreds  of  miles  of  levee 
intact,  the  farmers  behind  them  busy  jjlowing  and  planting,  the  fruit 
trees  in  bloom,  the  stock  fattening  on  the  green  herbage,  would  surely 
have  been  impressed  with  the  efficacy,  the  necessity,  of  levees. 

Add' to  this  the  knowledge  that  the  levee  system  had  served  to  fill 
with  thrifty  settlers  the  fertile  basin  where  life  without  levees  would 
be  impossible,  and  it  becomes  incomprehensible  how  anyone  can 
oppose  the  completion  of  the  levee  system,  unless  it  be  on  the  score  of 
ignorance  as  to  the  facts  in  the  case. 

Contrast  the  peaceful  condition  of  things  where  levee  protection 
exists  with  the  suffering  and  misery  during  a  flood  along  the  unleveed 
portions  of  the  river,  as  revealed  by  a  trip  along  the  river  during  any 
flood,  and  no  argument  is  needed  to  demonstrate  the  wisdom  of  a 
perfected  levee  system. 

That  occasional  breaks  should  occur  in  levees,  partially  com- 
pleted as  to  both  height  and  section,  is  by  no  means  surprising.  They 
are  to  be  expected,  and  they  may  occur  under  great  stress  on  rare 
occasions  even  in  a  completed  system.  But  the  area  flooded  and 
the  damage  done  on  such  occasions  will  be  trivial,  as  compared  to 
that  of  the  general  flooding  of  the  entire  basins  under  the  "no  levee  " 
system. 

The  argument  that  the  floods  should  be  permitted  to  fill  the  basins 
in  oi'der  that  the  sediment  might  build  them  up,  so  as  to  reach  ulti- 
mately a  height  above  overflow,  has  no  substantial  facts  to  justify  it. 
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If  it  were  practicable  to  deposit  on  the  land  all  the  sediment  carried  Mr.  Ockerson. 

by  the  stream,  it  would  still  take  a  very  great  number  of  years  to 

raise  the  general  elevation  of  the  30  000  sq.  miles  of  basins  to  any 

tangible  extent.     Then,  too,  the  dej)osit  could  never  reach  the  height 

of  the  rare,   exceptional  floods;  and,  if  the  doctrine  is  true  that  the 

bed  of  the  river  is  rising,  the  relative  height  of  bed,  banks  and  flood 

would  remain  the  same,  and  overflows  would  always  continue. 

There  can  be  no  reasonable  doubt  as  to  the  possibility  of  con- 
structing an  effective  levee  system.  Far  more  elements  of  uncertainty 
are  involved  in  many  engineering  jsroblems  that  have  been  carried  to 
successful  completion. 

The  engineers  of  this  progressive  age  will  not  falter  in  their  con- 
viction that  the  floods  of  even  the  mighty  Mississippi  can  be  effectually 
controlled,  and  it  is  not  likely  that  a  nation  with  such  great  resources 
as  ours,  which  has  undertaken  to  make  the  deserts  blossom,  will 
hesitate  to  contribute  generously  to  a  project  which  has  for  its  object 
the  conversion  of  the  vast  alluvial  basins  into  fertile  fields  tilled  by  a 
prosperous  people,  happy  and  contented  in  homes  of  plenty. 

Lewis  M.  Haupt,  M.  Am.  Soc.  C.  E.  (by  letter). — In  this  topic,  the  Mr  Haupt. 
question  is  asked  "  Is  the  levee  theory  justified  by  experience"  on  the 
Mississii^pi  Eiver?  . 

This  query  recurs  with  each  successive  high  flood,  and  the  river 
enters  its  solemn  and  devastating  protest  by  breaching  its  ramparts 
and  distributing  its  surplus  where  Nature  designed  it  to  be  deposited. 
In  this  respect,  the  Mississippi  Valley  does  not  differ  from  any  of  the 
alluvial  plains  of  the  world,  and  it  will  be  found  more  satisfactory  to 
study  the  lessons  of  their  experience  rather  than  sjiend  laige  sums  in 
experimentation  on  works  which,  after  all,  may  not  accomplish  their 
purpose.  Some  of  these  works  of  the  ancients  have  been  in  existence 
for  millenniums,  and  their  magnitude  and  success  have  excited  the 
admiration  of  all  civilized  nations. 

Before  referring  to  them,  however,  it  may  be  well  to  state  briefly 
the  general  ojDeration  of  the  physical  law  which  governs  the  move- 
ment of  a  great  river  on  its  course  to  the  sea. 

Celestial  and  terrestrial  gravitation  are  the  upper  and  the  nether 
millstones  which  grind  the  fertilizers  stored  in  the  mountain  fastnesses, 
and  feed  them  to  the  hydraulic  conveyors  to  be  transported  to  the 
alluvial  plains  for  their  reclamation  and  enrichment. 

In  the  Divine  economy,  the  rivers  appear  to  be  the  agents  for  the 
extension  of  the  habitable  regions  of  the  earth,  by  means  of  floods. 
In  this  process  of  hydraulic  grading  and  filling,  the  heavier  i^ortions 
of  the  silt  are  deposited  near  the  banks,  so  that  all  such  rivers  are 
found  to  run  on  a  ridge  and  to  drain  away  into  lower  swamp  lands 
beyond.  In  the  human  economy,  man  occupies  the  batture  along  the 
river  banks,  and,  to  protect  his  projierty  and  life,  attempts  to  hold 
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Mr.  Haupt.  back  the  floods  by  dikes.  When  this  system  of  defence  becomes  so 
general  as  to  cut  off  the  flood  waters  from  the  back  lands  they  must 
cease  to  fill  and  must  remain  stagnant,  Avhile  all  the  sediment  must 
remain  in  the  mam  trunk  of  the  drainage  system,  and,  astheslojie  and 
velocity  grow  less  on  approaching  the  mouth,  a  large  jjortion  of  the 
load  is  lodged  permanently  in  the  bed  of  the  stream. 

In  a  state  of  Nature,  the  river  builds  up  its  mean  and  low-water 
bed,  and  jirovides  for  the  depositing  of  its  surplus  mud  and  water  on 
the  outlying  flats  bordering  the  stream.  Wherever  man  has  inter- 
rupted this  process,  without  providing  for  a  substitute  by  a  suj^ply  of 
water  and  fertilizer,  the  garden  spots  of  the  earth  have  been  converted 
into  deserts,  in  which  case  there  is  no  need  for  a  navigable  channel  to 
carry  away  the  products. 

The  vital  importance  of  the  irrigation  of  the  bottom  lands  is  well 
established  by  the  history  of  Egypt,  the  arrogance  of  whose  kings  led 
to  the  destruction  of  the  reservoirs  and  canals  and  the  debasing  of  the 
country  to  a  condition  of  servitude,  as  stated  in  the  prophesies  of 
Ezekiel.* 

"Speak,  and  say.  Thus  saith  the  Lord  God;  Behold,  I  am  against 
thee,  Pharaoh  king  of  Egypt,  the  great  dragon  that  lieth  in  the  midst 
of  his  rivers,  which  hath  said,  My  river  is  mine  own,  and  I  have  made 
it  for  myself.  *  *  *  Behold,  I  will  bring  a  sword  upon  thee,  and 
cut  off  man  and  beast  out  of  thee.  And  the  land  of  Egypt  shall  be 
desolate  and  waste.  *  *  *  Behold,  I  will  give  the  land  of  Egyj^t 
unto  Nebuchadrezzar  king  of  Babylon;  and  he  shall  take  her  multitude, 
and  take  her  spoil,  and  take  her  prey;  and  it  shall  be  the  wages  for  his 
army.  *  *  *  Because  thou  hast  lifted  up  thyself  in  height  *  *  * 
I  have  therefore  delivered  him  into  the  hand  of  the  mighty  one  of  the 
heathen;  *  *  *  upon  the  mountains  and  in  all  the  valleys  his  branches 
are  fallen,  and  his  boughs  are  broken  by  all  the  rivers  of  the  land; 
*  *  *  To  the  end  that  none  of  all  the  trees  by  the  waters  exalt  them- 
selves for  their  height,  neither  shoot  up  theii'  top  among  the  thick 
boughs,  neither  their  trees  stand  up  in  their  height,  all  that  drink 
water;  for  they  are  all  delivered  unto  death;  *  *  *  I  covered  the 
deep  for  him,  and  1  restrained  the  floods  thereof,  and  the  great  waters 
w'ere  stayed:  and  1  caused  Lebanon  to  mourn  for  him,  and  all  the  trees 
of  the  field  fainted  for  him.  *  *  *  This  is  Pharaoh  and  all  his  multi- 
tude, saith  the  Lord  God. " 

Thus,  by  the  restraining  of  the  floods  and  the  withholding  of  the 
waters  were  the  haughty  nations  destroyed  by  those  heathen  kings 
-whose  hydraulic  works  had  made  them  powerful. 

The  source  of  Egyptian  prowess  is  also  beautifully  set  forth  by  the 
prophet  w^hen  he  says: 

"  The  waters  made  him  great,  the  deep  set  him  up  on  high  with 
her  rivers  running  round  aboiit  his  jjlants,  and  sent  out  her  little  rivers 
unto  all  the  trees  of  the  field.  Therefore  his  height  was  exalted  above 
all  the  trees  of  the  field,  and  his  boughs  were  multijilied,  and  his 
branches  became  long  because  of  the  multitude  of  waters,  when  he  shot 

*  29th  Chapter. 
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forth.     *     *     *     and  under  his  shadow  dwelt  all  great  nations.     Thus  Mr.  Haupt. 
was  he  fair  in  his  greatness,  in  the  length  of  his  branches:  for  his  root 
was  by  great  waters." 

In  this  great  country  of  ours  we  find  the  striking  paradox  of  one  of 
the  executive  departments  straining  every  nerve  to  store  and  irrigate 
the  soil,  while  another  department  is  contending  with  a  mighty  river 
for  its  total  exclusion,  yet  both  having  the  same  purpose  in  view, 
namely,  that  the  earth  may  bring  forth  more  abundantly. 

The  lessons  of  histoi-y  teach  that  the  total  exclusion  of  the  flood 
waters  results  in  a  devastation  far  greater  and  more  disastrous  than  the 
temjiorary  damages  from  the  floods,  and  that  in  the  non-irrigated  por- 
tions of  India  and  China  human  beings  are  dying  from  starvation, 
because  of  the  confining  of  the  waters.  The  question  is  not  a  local 
one,  and  should  be  considered  carefully  with  reference  to  its  far-reach- 
ing eff'ects  on  posterity.  The  system  in  use  on  the  Nile  during  its 
period  of  great  prosperity  was  not  the  levee  system,  which  excluded 
the  river  waters  from  the  neighboring  farms;  but  the  basin  or  reservoir 
system,  which  caught  and  stored  the  excess  waters  of  the  floods,  and, 
by  regulating  sluices,  jiassed  them  from  one  pool  to  another  along  the 
banks  of  the  sti-eam,  and  finally  returned  them  to  the  trough  after  their 
beneficent  work  was  done,  and  without  deterioration  to  the  navigation 
of  the  river. 

The  importance  of  a  full  understanding  of  this  experience  will 
doubtless  justify  a  few  extracts  from  the  records  of  the  early  systems 
used  in  the  Orient  in  the  days  of  the  Pharaohs. 

In  a  recent  lecture,  before  the  Khedivial  Geographical  Society,  at 
Cairo  (1903),  Sir  William  Willcocks  said: 

"  The  advisability  of  Egyj^t  undertaking  these  reservoir  works  with- 
out any  loss  of  time  has  been  well  brought  before  me  by  a  letter  just 
received  from  Professor  Sayce,  in  which  he  says:  'As  you  know, 
archaeological  facts  have  convinced  me  that  *  *  *  the  body  of  water 
in  the  Nile  is  considerably  less  than  it  was  only  2  000  years  ago,  when 
liuge  boats  could  be  navigated  at  the  jseriod  of  low  Nile;  and  the 
destruction  of  the  great  forests  of  Central  Africa  by  the  inroads  of 
western  civilization  will  further  diminish  it.  Lake  Chad  and  the 
dried-up  lakes  connected  with  it  are  ominous  reminders  of  what  can 
happen  when  forests  are  cleared  away.'  " 

In  describing  the  modern  system  of  "  ijerennial  "  irrigation  now  in 
use  in  Egypt,  Sir  William  sounds  a  note  of  warning,  to  the  effect  that 
it  can  only  survive  during  times  of  peace,  and  by  constant  care,  while 
the  ancient  or  reservoir  system  was  as  enduring  as  the  pyramids,  and 
survived  neglect. 

He  says: 

"  Perennial  irrigation  is  no  hardy  plant  like  basin  irrigation,  it 
needs  perpetual  and  constant  attention;  it  is  typical  of  the  structures 
of  our  days,  the  dams  and  Aveirs  on  the  Nile,  which  need  unremitting- 
toil  and  observation  to  preserve  them  from  destruction.  The  basin 
irrigation  of  the  ancient  Egyptians  depended  entirely  on  the   flood 
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Mr.  Haupt.  waters  of  the  lateral  tributaries,  as  the  Atl)ara,  the  Blue  Nile  and  the 
Sobat,  which  no  engineering  eifort  could  turn  out  of  the  Nile  Valley. 
The  perennial  irrigation  of  our  day  is  chiefly  dependent  on  the  summer 
supplies  of  the  great  equatorial  lakes  and  other  reservoii-s  at  the  head 
of  the  drainage  system.     *     *     * 

"  Under  the  old  Pharaonic  system  of  basin  irrigation,  the  Nile  flood 
was  the  Ministry  of  Agriculture,  and  the  Irrigation  Department  sufficed 
to  supplj'-  all  the  requirements  of  the  country.  Under  the  modern 
system  of  perennial  irrigation  the  Irrigation  Dei^artment  does  only  half 
the  work." 

As  a  protection  against  disastrous  inundations,  he  adds: 

"  Fifty  yaars  hence  we  shall  find  the  country  protected  from  high 
floods  bv  escapes  into  the  deserts.  *  *  *  Such  an  escape  could  be 
constructed  for  £3  000  000." 

The  Nile  flood  will  have  been  maintained  at  a  level  sufiiciently  high 
to  allow  of  the  utilization  of  the  water-power  to  its  utmost  limits,  or 
150  000  H  -P.  for  storing  electricity  and  providing  jjerennial  irrigation 
by  pumpage  for  other  high  tracts  of  50  000  acres. 

The  whole  process  of  the  successful  and  safe  treatment  of  the 
reclamation  works  of  Egypt  is  stated  briefly  in  a  jiaper  prejjared  for 
the  Glasgow  International  Congress,  in  October,  1902,  in  which  Sir 
William  said: 

"  If  we  cast  our  view  back  to  the  dawn  of  Egyptian  history,  we  can 
picture  the  Nile  Valley  as  consisting  of  arid  plains,  sand  dunes  and 
marshy  jungles,  with  reclaimed  enclosures  on  the  highest  lands. 
Every  eight  or  ten  years  the  valley  was  swept  by  a  mighty  inundation. 
We  may  well  imagine  with  what  awe  the  ancient  Egyptians  contem- 
plated laying  their  hands  on  the  great  river  and  saying  to  it  'thus  far 
and  no  further. '  The  seeds  of  future  success  lay  in  the  resolve  of 
King  Menes'  engineers  to  confine  their  attention  to  one  bank  of  the 
river  alone.  It  was  the  left  bank  of  the  river  which  history  tells  us 
was  first  reclaimed.  A  longitudinal  dike  was  run  parallel  to  the 
stream,  and  cross-dikes  tied  it  to  the  Libyan  hills.  Into  these  basins 
or  compartments  the  turbid  waters  of  the  flood  were  led  by  natural 
watercourses  and  artificial  canals,  and  meantime  the  whole  of  the 
right  bank  and  the  trough  of  the  river  itself  were  allowed  to  be  swept 
by  the  floods.     *     *     * 

"In  allprobability  the  first  six  dynasties  contented  themselves  with 
develoj)ing  the  left  bank  of  the  Nile.  As,  however,  the  population  in- 
creased, and  with  it  the  demand  for  new  lands,  it  became  necessary  to 
reclaim  the  right  bank  as  well.  The  task  now  was  doubly  difiicult,  as 
the  river  had  to  be  confined  to  its  own  trough.  This  masterful  feat 
was  performed  by  the  Great  Pharaohs  of  the  12th  dynasty.  They 
were  too  well  advised  to  content  themselves  with  repeating  on  the 
right  bank  what  Menes  had  done  on  the  left.  By  suddenly  confining 
the  river  they  would  have  exposed  the  low-lying  nomes  of  Memphis 
and  Lower  Egypt  to  disastroiis  inundations.  To  obviate  this,  they 
widened  and  deepened  the  natural  channel  which  led  to  the  Fayum 
depression  in  the  Libyan  hills,  and  converted  it  into  a  powerful  escape 
to  carry  oif  the  excess  of  waters  of  high  floods;  and  so  successful  were 
they  in  their  undertakings  that  the  conversion  of  the  Fayum  depres- 
sion into  Lake  Moeris  was  long  considered  by  the  ancient  world  as  one 
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of  the  greatest  wonders.  Tbey  let  the  flood  into  the  depression  when  Mr.  Haupt. 
it  was  dangerously  high  and  provided  for  its  return  to  the  river  when 
the  inundation  had  come  to  an  end.  By  this  means  they  insured  the 
lake  against  being  at  a  high  level  during  a  period  of  flood.  The 
gigantic  dikes  of  entry  and  exit  were  only  cut  in  times  of  emergency, 
and  were  reconstructed  again  at  an  expense  of  labor  which  even 
Pharaoh  considered  excessive." 

Thus  the  history  of  the  Nile  confirms  the  projects  which  have  been 
thus  far  unsuccessfully  urged  for  the  reclamation  and  navigation  of 
the  great  river  which  drains  the  most  productive  section  of  this 
Republic.  It  illustrates  the  need  of  lateral  overflow  for  fertilization, 
of  subsidiary  reservoirs  on  the  banks  and  tributaries  to  retain  the 
excess  of  the  floods  from  the  headwaters,  or  to  restrain  those  of  the 
lower  tributaries  and  of  the  enlargement  of  the  mouths  and  outlets  of 
the  delta  to  lower  the  flood  planes  of  the  low  coiintry  and  deepen  the 
channel  for  navigation,  by  removing  the  bars.  May  we  not  learn 
more  from  precedents  than  from  experiments,  and  at  much  less  cost? 
The  dredging  out  of  the  obstructing  bars  in  the  Tyne  between  New- 
castle and  the  sea  has  lowered  the  flood  plane  at  diff"erent  points  from 
3  to  9  ft. 

Let  us  review,  however,  as  briefly  as  may  be,  some  of  the  state- 
ments relating  to  the  Mississippi,  to  ascertain  the  facts  as  presented 
by  the  advocates  or  oj)ponents  of  various  plans  of  improvement. 

The  Mississippi  Eiver  Commission  was  created  by  Act  of  Congress 
in  the  year  1879,  when  the  South  Pass  was  opened  at  its  mouth.  Its 
personnel  has  changed  from  time  to  time,  but  it  has  been  composed 
of  able  men  having  the  courage  of  their  convictions,  who  have  col- 
lated a  large  amount  of  valuable  data  as  to  the  physics  and  hydraulics 
of  the  river.  It  has  modified  its  methods,  as  the  exigencies  and 
experience  acquired  have  justified,  both  locally  and  generally.  It  has 
tried  regulation  for  low  stages,  revetments  and  spurs  for  holding  cav- 
ing banks,  levees  for  floods  and  reclamation,  and  finally  dredging,  for 
navigation,  and  the  results  of  this  experience  have  been  summed  up 
in  concise  form  in  the  Report  of  the  Senate  Committee,  submitted 
after  the  severe  flood  of  1897.  This  Committee  took  a  large  amount 
of  testimony  and  examined  the  works  carefully,  with  a  view  to  deter- 
mine the  following  jjoints: 

1.  To  determine  the  causes  of  the  disastrous  floods,  and  how  they 
may  be  prevented  or  diminished. 

2.  If  the  floods  are  due  to  deforestation,  how  it  may  be  prevented^ 
or  whether  reservoirs  at  the  headwaters  would  be  beneficial. 

3.  Whether  such  reservoirs  could  be  used  for  irrigation  of  arid 
lands. 

4.  Whether  the  outlet  system  is  practicable  or  expedient. 

5.  Whether  the  levee  system,  with  jetties  to  protect  the  banks, 
should  be  continued. 
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Mr.  Haupt.        6.  What  has  been  the  effect  of  the  jetties  at  the  mouth  upon  the 
commerce  and  navigation  of  the  river  ? 

7.  Whether  the  Mississippi  and  the  Missouri  River  Commissions 
should  be  contmued. 

8.  What  legislation  is  necessary  to  prevent  the  enormous  destruc- 
tion of  proijerty  by  floods,  and  what  amount  of  money  should  be 
appropriated  for  the  establishment  of  systematic  imjirovements  and 
safeguards. 

The  Committee  concluded  that  the  destruction  of  timber  does  not 
tend  to  cause  floods,  but  rather  to  diminish  than  increase  the  rain- 
fall. That  the  five  large  reservoirs  on  the  Upper  Mississippi  repress, 
to  some  extent,  the  floods  above  Lake  Pepin,  and  improve  the  low- 
water  navigation  down  to  that  point.  A  high  reservoir  on  the  Missouri 
above  Great  Falls  would  be  usefiil  for  irrigation,  but  not  for  naviga- 
tion or  floods.     The  Ohio  has  no  adequate  reservoir  sites. 

' '  The  only  place  where  a  reservoir  basin  can  be  found,  proximate 
and  sufficienlly  large  to  afford  a  holding  groixnd  at  all  commensurate 
with  any  material  or  practical  relief  is  the  St.  Francis  Basin;  but  the 
cost  of  constructing  and  maintaining  a  system  of  reservoirs  in  this 
basin  would  be  enormous,  and  far  greater  than  the  cost  of  leveeing  the 
entire  river  front  of  the  basin.  The  scheme  is  regarded  by  nearly  all 
engineers  and  other  exiaei-ts  as  wholly  imjjracticable.  In  short,  your 
committee  can  discover  no  just  or  adequate  relief  in  reservoirs.  " 

"  Neither  can  it  discover  any  material  relief  from  the  outlet  system. 
It  is  not  practicable  to  relieve  the  river  by  means  of  outlets  except 
below  the  Red  River.  The  St.  Francis,  Yazoo,  White  and  Tensas 
Basins  can  get  no  relief  from  any  practicable  outlet  system,  and  where 
this  system  exists  and  is  feasible  there  is  no  disposition  to  extend  it 
or  to  substitute  it  for  levee  enlargement."* 

With  reference  to  the  levees,  the  Committee  states  that  theii- history 
has  been  one  of  gradual  reclamation.  Anterior  to  levee  construction 
these  basins  served  as  great  natural  reservoirs  for  the  floods,  which  never 
reached  the  high  level  nor  the  increased  rapidity  obtained  since  the 
great  extension  of  the  levee  system.  Levees  are  the  penning  up  of  the 
floods  of  the  river  from  these  high-water  basins,  and  the  stream  at  its 
flood  stages  becomes  higher,  necessitating  higher  and  stronger  levees. 
The  first  levees  in  Louisiana  were  but  4  ft.  in  height;  they  are  now  12 
to  13  ft.,  and  this  height  proved  insufiicient  in  the  great  flood  of  1897, 
•  when  the  flood  stage  above  New  Orleans  was  from  1^  to  3^  ft.  higher 

than  that  of  any  previous  flood,  notwithstanding  that  the  flood  level 
at  Cairo  was  less  than  in  1882,  1883  and  1884.  This  was  partly  due  to 
the  increase  and  improvement  of  levees.  The  experience  of  1897 
indicates  that  a  complete  inclosure  of  all  the  river  basins  will  require 
levees  from  3  to  4  ft.  higher  in  Louisiana. 

The  levees  in  the  Yazoo  Basin,  originally  only  4  ft.  high,  were  in- 
creased to  an  average  of  from  13  to  14  ft. ,  prior  to  1897,  which  was 
more  than  3  ft.  above  the  high  water  of  1882,  but  it  proved  "  utterly 

*  Humphrey's  and  Abbot" s  report  of  1831,  as  to  reservoirs  and  outlets. 
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insuflScient  under  the  flood  of  1897,"  which  made  it  plain  that  the  com-  Mr.  Haupt. 
plete  inclosure  of  all  the  basins  would  require  an  increase  in  the  Yazoo 
levees  of  from  4  to  6  ft.     The  same  is  true  of  the  White  Eiver  Basin, 
which  was  overtopped  by  the  flood  of  1897  at  many  points,  as  it  rose 
from  4  to  6  ft.  above  any  previous  flood.* 

The  upper  and  lower  Tensas  Basins  were  leveed  since  18H'2  to  a 
height  of  about  13  ft.,  but  the  water  of  1897  was  from  2|  to  3  ft.  higher 
in  front  of  these  basins,  and  the  levees  were  insufficient.  The  higher 
flood  was  largely  due  to  increased  levee  construction.  The  completion 
of  the  levee  system  would  require  the  levees  in  the  Tensas  Basin  to  be 
raised  to  the  height  of  from  17^  to  18  ft. 

Work  on  the  St.  Francis  front  began  in  1893.  Since  that  time  about 
127  miles  have  been  constructed  to  an  average  height  of  9  ft.  The 
levees  proved  insufficient  for  the  flood  of  1897,  and  several  serious 
crevasses  occurred.  They  must  be  made  at  least  2  ft.  higher.  The 
flood  of  1897  wrought  great  havoc.  There  were  twenty-three  breaks 
in  the  St.  Francis  front;  six  in  the  Yazoo;  foixrteen  in  the  White;  four 
in  the  Tensas,  and  a  few  below  the  Bed  which  were  unimi^ortant. 
(It  may  be  well  to  note  here  that  these  unimportant  breaks,  which 
were  closed  during  the  pendency  of  the  flood,  were  below  the  outlet 
via  Red  River. ) 

The  Committee  concludes  that  the  flood  of  1897,  in  its  effects 
and  consequences,  was  greatly  enlarged  and  aggravated  by  the  ex- 
tensive inclosure  of  basins  and  the  extended  and  enlarged  levee  con- 
struction which  has  taken  place  since  then.  It  refers  to  the  early 
report  of  1861,  made  when  levees  were  in  their  embryonic  stage,  as 
authority  for  the  statement  that  "no  substantial  relief  from  the 
floods  could  be  obtained  from  reservoirs  or  outlets,  and  that  levees 
properly  constructed,  would  aff'ord  the  necessary  relief  and  jjrotec- 
tion. "  Subsequent  reports  sustained  this  contention,  and,  in  view  of 
the  record  and  accumulated  experience  with  this  system  of  jirotection, 
it  is  somewhat  disconcerting  to  find  the  Committee  reaffirming  the 
earlier  opinions  to  the  effect  that  ' '  the  river  can  only  be  protected  and 
preserved  from  such  floods  by  an  ample  and  complete  system  of 
levees  from  Cairo  to  the  head  of  the  Passes."  It  adds,  crevasses  are 
liable  to  occur  as  long  as  the  system  is  incomplete;  and  it  was  then 
(1897)  estimated  that  it  could  be  done  at  a  cost  of  from  $18  000  000  to 
$20  000  000  in  from  four  to  five  years.  That  time  has  elapsed,  and  the 
flood  of  1903  has  added  its  testimony  to  the  inefficiency  of  the  pro- 
tection works,  and  shows  no  substantial  gain  as  to  increase  of  depths 
or  permanency  of  channel. 

A  few  citations  from  residents  and  engineers  on  the  Mississippi 
may  serve  to  reveal  the  true  status  of  the  question.  + 

*  To  add  6  ft.  to  a  14-ft.  levee  doubles  its  volume  and  cost,  increases  its  unit  pressure, 
length  of  saturation,  and  hence  its  danger  of  caving. 

t  "Riparian  Lands  of  the  Mississippi  River,"  by  Tompkins. 
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Mr.  Haupt.        A  member  of  Congress  from  Mississippi  says: 

"  Tlie  levee  system  being  very  much  stronger  and  more  extensive 
than  ever  before,  the  flood  elevation  all  along  the  river  was  greater 
than  during  any  previous  floods.   This,  of  course, was  to  be  exi^ected. " 

On  the  other  hand,  an  engineer  of  long  exj^erience  stated: 

"  Having  the  St.  Francis  Basin  closed  cannot  raise  the  high- water 
line  one  foot  at  Helena  but  will  doubtless  restrain  it  slightly,  which 
reduction  will  continiie  as  the  shoals  are  scoured  out  by  the  restrained 
floods." 

He  does  not  explain  how  these  shoals  get  out  of  the  river's  bed. 

Still  another  authority  states  that: 

"  Since  1882,  with  the  growth  of  the  levee  system  and  the  gradual 
elimination  of  reservoirs,  and  contraction  of  the  high-water  sections, 
the  flood  lilaue  had  risen,  each  high  water,  for  a  given  volume  of  dis- 
charge, giving  greater  gauge  readings." 

A  comj^arison  of  readings  showed  that  the  flood  of  1897,  although 
0.3  ft.  lower  at  Cairo,  was  5.6  ft.  higher  at  Helena;  5.1  ft.  higher  at 
Greenville;  2.0  ft.  higher  at  Natchez;  1.7  ft.  higher  at  Ked  Eiver 
(where  there  is  an  outlet);  4.7  ft.  higher  at  Baton  Rouge,  etc.,  thus 
leaving  no  doubt  in  this  instance  of  the  increased  height  due  to  the 
additional  contraction  of  the  waterway  and  the  lowering  of  the  head 
relatively  by  the  existence  of  an  outlet. 

The  effects  due  to  the  later  extensions  may  be  seen  by  reference  to 
the  unofficial  reports  of  the  flood  of  March,  1903. 

On  the  20th  of  that  month,  the  gauge  at  Memphis,  abreast  of  the 
St.  Francis  Basin,  registered  40.1  ft.,  and  seven  days  later  a  crevasse 
occurred  at  Hollybury,  20  miles  north,  which  in  one  night  lowered 
it  to  39.4  ft.,  as  compared  with  37.7  ft.  in  1897,  the  highest  jsrevious 
record. 

At  Greenville,  Miss. ,  the  water  was  reported  to  be  4  ft.  above  any 
previous  record,  and  rising  at  the  rate  of  a  half  a  foot  per  diem.  A 
week  later  a  "three-mile  crevasse  "  was  reported  south  of  that  place, 
said  to  be  the  worst  ever  experienced. 

At  New  Orleans,  on  March  28th,  it  was  rejDorted  to  be  20.2  ft.,  or 
from  0.6  to  0.7  ft.  higher  than  all  former  records,  but,  fortunately,  the 
tension  was  relieved  by  a  crevasse  at  Hymelia,  about  40  miles  above 
the  city,  which  was  not  closed  during  the  flood. 

The  record  leaves  no  doubt  that  as  the  levees  are  extended  and 
the  flood  waters  withdrawn  from  overflow,  the  stage  rises  and  the  dan- 
gers resulting  from  crevasses  still  remain  as  a  menace.  The  comple- 
tion of  the  system  is  expected  to  establish  a  limit  to  the  height  of 
the  embankments,  but  this  exjDectation  is  based  upon  the  assumption 
that  all  the  sediment  carried  into  the  trunk  by  all  its  tributaries  must 
be  ejected  at  its  mouth,  as  the  natural  deposit  over  the  banks  has 
been  cut  off.  Even  if  this  were  a  physical  possibility,  which  it  is 
not,  for  the  reasons  previously  stated,  the  rapid  extension  of  the  delta 
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by  the  enormous  deposits  would  continue  to  retard  the  discharge  and  Mr.  Haupt. 
raise  the  flood  jalane,  requiring  constant  accretions  to  the  section  all 
along  the  line  to  prevent  overtopping.  But  this  is  not  the  only  source 
of  danger  or  exjoense.  The  erosive  action  of  this  great  torrent  at  the 
bends,  and  especially  at  the  contractions,  incidental  to  the  great  varia- 
tions in  cross-section,  is  an  ever-present  source  of  danger,  causing  cav- 
ing of  the  banks  and  their  superimposed  levees,  which  it  is  estimated 
goes  on  at  the  average  rate  of  9  acres  per  annum  for  each  mile  be- 
tween Cairo  and  the  mouth  of  the  Red  Kiver,  and  this  risk  increases 
with  the  height,  because  of  the  increased  head,  saturation  and  dura- 
tion of  the  higher  water.  It  is  asserted  by  engineers  of  experience  on 
the  river  that  the  bed  is  not  rising,  although  they  state  that  the  con- 
trary ojDinion  is  widely  prevalent;  but,  when  asked  for  a  reason,  those 
who  believe  it  is  "  can  give  none  except,  perhaps,  of  a  fantastic  sort. "  It 
remains  for  those  who  deny  it  to  account  for  the  disposition  of  the  large 
accretions  fed  to  the  river  by  its  tributaries  when  the  natural  dumj) 
is  cut  off.  This  is  attemjjted  to  be  exi^lained  by  the  statement  that  the 
■conditions  indicate  that  "the  alluvial  agencies  have  nearly  reached  a 
state  of  equilibrium,  and  the  further  progress  of  the  filling-uj)  move- 
ment is  exceedingly  slow."  This  recognizes,  but  minimizes,  the  action 
as  negligible. 

The  revetment  of  caving  banks  has  been  tried  extensively,  but  is 
now  almost  abandoned.     The  testimony  is  to  the  effect  that: 

"The  revetment  idea  at  first  inspired  some  hope,  but  it  was  soon  seen 
that  its  cost  and  w^aut  of  permanency  would  confine  it  to  a  few  points. 
It  was  therefore  with  much  satisfaction  that  we  saw  the  dredging  and 
jDortable  dike  idea  introduced." 

Another  engineer  writes : 

"  The  absolute  failure  of  mattress  work  to  protect  abrading  banks 
has  been  very  thoroughly  and  j^ositively  demonstrated." 

Another  states  that: 

"The  use  of  contraction  works  has  been  abandoned  to  a  great 
extent,  and  the  general  improvement  of  the  river  by  bank  i^rotection, 
revetments,  spurs,  etc.,  has  been  postponed  until  some  less  expensive 
-structures  ai-e  designed  or  discovered.  *  *  *  The  low-water  chan- 
nels are  being  maintained  by  dredging  during  the  low-water  season. 
*  *  *  The  St.  Francis  and  Yazoo  are  of  little  consequence,  except 
in  that  their  basins  act  as  relief  areas  or  reservoirs  during  high  stages 
of  the  river." 

Such,  then,  are  but  a  few  of  the  many  statements  and  opinions 
concerning  the  experience  and  results  secured  on  this  great  river,  from 
which  it  would  appear  that  the  end  is  not  yet,  and  that  important 
remedial  measures  have  been  brushed  aside  without  the  consideration 
which  their  possibilities  demand. 

Outlets. 
It  is  an  axiom  that  if  the  outflow  from  a  vessel  be  made  equal  to  or 
greater  than  the  inflow  there  can  be  no  overflow,  and  yet  the  aj^i^lica- 
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Mr.  Haupt.  tion  of  this  simple  expedient  is  condemned  as  being  injurious, 
impracticable,  or  too  expensive,  and  the  eminent  authorities  of  the 
earlier  investigations  are  cited  as  being  opposed  to  this  method  of 
relief.  So  important  is  it  that  a  brief  consideration  appears  to  be 
warranted  by  reference  to  the  original  sources. 

The  injurious  effect  of  outlets  is  generally  stated  to  arise  from: 

"The  escape  of  water  from  the  channel,  which,  under  any  circum- 
stances, is  accompanied  by  a  reduction  of  velocity  below  the  point  of 
escape,  and  which  thus  creates  deposits  in  the  channel  and  dams  the 
discharge." 

Another  says: 

"  Outlets  will  induce  a  shallowing  of  the  river  and  a  raising  of  the 
bed,  and  consequently  of  the  water  line.  In  short,  the  only  one  of  the 
remedies  above  mentioned  that  is  satisfactory  to  those  concerned,  or 
that  has  had  any  extensive  application,  is  the  method  of  artificial 
embankments  or  levees." 

This  statement,  that  the  outlet  system  has  had  no  extensive  ai)plica- 
tion,  would  indicate  that  it  is  purely  theoretical,  although  the  natural 
outlets  amply  demonstrate  the  claims  of  their  supporters,  as  will  pres- 
ently appear.  The  Nita  crevasse  of  1890,  60  miles  above  New  Orleans, 
is  cited  as  an  evidence  that  the  outlet  system  is  useless  as  a  measure 
of  relief.  This  is  merely  a  question  of  interjiretation.  "What  were  the 
facts? 

"  This  crevasse  was  3  000  ft.  wide  and  15  ft.  deep.  It  discharged 
400  000  cu.  ft.  per  second,  or  30%  of  the  flow,  as  meastired  just  above 
the  crevasse.  The  depression  of  the  flood  surface  immediately  below 
was  li  ft.  At  New  Orleans  it  was  1  ft.  At  Plaquemine,  50  miles 
above,  it  had  no  effect  at  all." 

From  this  instance  it  was  concluded  that: 

"Outlets  must  disapi^oint  the  expectations  of  their  advocates,  as 
was  noted  by  the  able  pioneers  in  this  subject,  Generals  Humphreys 
and  Abbot,  who,  lacking  actual  measurements,  supported  the  propo- 
sition by  a  very  ingenious  method  of  indirect  proof,  which  showed  in 
part,  but  not  completely,  the  futility  of  outlets  as  a  means  of  flood 
relief." 

On  the  contrary,  the  Nita  data  prove  that  the  outlet  lowered  the 
surface  of  the  river  for  at  least  100  miles,  by  from  1  to  IJ  ft.,  and  saved 
the  city  of  New  Orleans.  That  it  did  not  lower  it  50  miles  above,  is 
accounted  for  by  the  fact  that  the  supply  from  the  higher  reaches  was 
such  as  to  maintain  the  stage  which  the  slope  and  sinuosities  of  the 
bed  for  the  50  miles  below  prevented  it  from  voiding.  Had  not  the 
breach  occurred,  the  stage  at  New  Orleans  would  have  been  at  least 
1  ft.  higher.  It  was  flush  with  the  crest  when  the  crevasse  occurred. 
It  was  therefore  a  positive  measure  of  relief  to  the  entire  river  below 
the  break,  and  for  some  distance  above,  and  its  injurious  effects  on  the 
stream,  if  any,  remain  to  be  discovered.  So,  with  the  many  other  large 
crevasses  which  have  occurred  in  the  sti'etch  between  the  Red  River 
outlet  and  the  mouth,  where,  in  consequence  of  the  many  outlets,  the 
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stage  is  more  constant  than  in  any  otlier  section  of  the  river  below  St.  Mr.  Haupt. 
Louis,  and  the  navigation  is  most  satisfactory. 

A  distinguished  member  of  the  Mississippi  River  Commission* 
thus  describes  this  outlet  section: 

"In  this  portion  of  the  river  the  channel  is  narrow,  averaging 
about  half  a  mile  in  width,  and  the  depth  sometimes  exceeds  20U  ft. 
Bank  erosion  is  slight  as  compared  with  the  reach  above,  sand  bars,  as 
obstructions  to  navigation,  are  almost  unknown,  and  neither  contrac- 
tion works  nor  dredging  are  required.  Here  Nature  has  constructed 
an  ideal  channel,  with  depths  at  all  times  suflicient  for  the  largest  sea- 
going craft.  For  nearly  the  entire  length  (310  miles)  the  water  is  con- 
fined to  a  single  channel,  down  to  the  head  of  the  Passes,  there  being 
but  two  islands  in  the  entire  reach.  As  the  upper  limit  of  the  reach  at 
low  water  is  less  than  2  ft.  above  mean  Gulf  level,  it  often  happens 
that  the  tidal  effect  is  noticeable  throughout  its  entire  length.  There 
are  several  outlets  through  which  the  waters  of  the  river  can  flow  to 
the  Gulf  of  Mexico.  Some  have  been  closed  by  levees,  but  others  are 
still  open.  At  the  head  of  this  reach  is  the  Atchafalaya,  which  is  the 
first  practicable  outlet  to  the  sea.  *  *  *  The  extreme  oscillation 
in  stage  recorded  up  to  the  present  time  at  New  Orleans  is  20.7  ft." 

Such,  then,  are  the  characteristics  of  this  outlet  section  of  the 
river,  with  its  minimum  of  fluctuations,  deepest  water,  fewest  bars, 
least  erosion,  and  best  channel,  all  of  which  may  be  ascribed  to  that 
one  feature  which  all  the  sections  above  lack,  namely  outlets;  and  yet 
it  is  claimed  that  the  outlet  propaganda  is  merely  a  fanciful  theory, 
not  based  on  experience.  What  would  become  of  the  country  if  there 
were  no  outlets?  This  is  an  extreme  case,  it  is  true,  but  every  obstacle 
at  the  mouth  of  a  river  contributes  in  some  measure  to  dam  it  up  and 
raise  the  level  by  reduced  slope  and  velocity. 

With  reference  to  the  "claim  that  actual  measurements  confirm 
the  opinion  that  outlets  must  occasion  deposits  in  the  channel," 
Humphreys  and  Abbot  say  that,  after  a  careful  investigation  of  the 
sections  at  certain  crevasses,  these  claims  "  fall  to  the  ground."  They 
also  add  that  an  extended  series  of  measurements  was  made  with 
especial  reference  to  testing  the  assumptions  upon  which  are  based 
the  conclusions  that  outlets  will  raise  the  mean  level  of  the  bed  of  the 
Mississippi,  and  "they  have  demonstrated  both  to  be  erroneous." 

Speaking  of  outlets,  they  say  emphatically: 

"  The  conclusion  is  then  inevitable,  that,  so  far  as  the  river  itself  is 
concerned,  they  are  of  great  utility.  Few  practical  problems  admit  of 
so  positive  a  solution." 

They  then  proceed  to  consider  the  various  channels  whereby  the 
flood  waters  might  be  conveyed  to  the  Gulf,  and  appear  to  have  been 
deterred  from  recommending  them  because  of  what  appeared  to  them, 
at  that  time,  to  be  the  great  cost  of  such  relief  measures,  and  the  local 
injviry  to  the  rear  of  some  low-lying  plantations. 

*  J.  A.  Ockerson,  M.  Am.  Soc.  C.  E. 
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Mr.  Haupt.        It  is  stated  that  the  distance  between  the  river  and  Lake  Pontchar- 
train  is  only  six  miles,  and  the  fall  is  19.6  ft.  at  high  water  (1851). 

"  There  can  be  no  doubt  that  by  making  two  levees  from  the  river 
to  the  lake  a  high-water  outlet  of  "any  dimensions  can  be  made.  Such 
an  outlet,  they  say,  would  be  of  utility  in  reducing  the  height  of  the 
floods  for  many  miles  above  and  below,  but  its  construction  would  be 
followed  by  consequences  disastrous  to  Louisiana." 

What  these  disastrous  consequences  were,  which  outweighed  the 
benefits  of  reduced  floods  in  1861,  are  thus  set  forth:  (1)  the  works 
must  be  difficult  and  costly;  (2)  the  navigation  of  the  lake  will  be 
rapidly  destroyed;  (3)  there  is  danger  that  the  outlet  will  become  a 
main  branch  of  the  river;  and  (4)  the  navigation  of  the  present  mouths 
be  thus  seriously  impaii-ed. 

With  a  new  and  shorter  outlet  to  the  sea,  when  the  ruling  depths 
by  the  delta  mouths  were  w^holly  inadequate,  and  wdth  the  navigation 
of  the  lake  improved  by  the  better  channel  to  be  created,  it  is  difficult 
to  understand  how  such  works  would  have  proved  disastrous  to 
Louisiana. 

In  considering  the  length  of  time  required  to  destroy  the  navigation 
of  the  lake,  it  was  assumed  that  the  river  discharged  a  volume  of  sedi- 
ment equal  to  1  sq.  mile,  21  ft.  deep,  each  year;  and  at  this  rate  it  would 
require  375  years  to  fill  the  lake,  if  it  were  all  deposited  in  it,  which 
could  not  be  expected.  But,  even  then,  it  does  not  appear  that  the 
filling  up  of  a  non-productive  lake  and  the  reclamation  of  600  sq.  miles 
of  the  most  fertile  land  on  the  globe  would  be  such  a  serious  disaster 
to  the  State,  while  the  value  of  that  land  would  doubtless  pay  many 
times  over  for  the  cost  of  the  works,  so  that  the  outlet  would  accom- 
plish ijrecisely  what  the  levees  are  designed  to  do,  namely,  reclaim 
more  land  than  it  would  destroy.  The  lowering  of  the  flood  plane 
throughout  this  section  would  also  add  largely  to  the  available  pro- 
ductive territory  by  a  very  simple  and  expeditious  engineering  work, 
which  has  been  urged  upon  the  attention  of  the  Government  for  some 
years  past,  but  apparently  to  no  purpose. 

After  a  careful  review  of  this  classic  rej^ort,  the  writer  is  unable  to 
find  any  other  or  more  weighty  reasons  assigned  by  its  writers  for  the 
conclusion  which  they  reached,  that  "  outlets  are  not  advisable."  It 
would  seem  to  be  unfortunate  for  the  welfare  of  the  country  as  a 
whole,  and  for  Louisiana  in  particular,  that  this  view  should  have 
become  so  deeply  grounded.  The  river  crevasses  and  the  outlets  of 
to-day  tell  a  different  story,  according  to  some  interpreters.  As  out- 
lets are  best  for  the  river,  and  it  is  jiracticable  to  relieve  it,  not  only 
at  Lake  Pontchartrain  and  Lake  Borgne,  but  at  other  points,  at  a  rea- 
sonable cost,  and  to  reclaim  more  arable  land  by  so  doing,  they 
would  seem  to  be  fully  justified  and  worthy  of  being  inaugurated. 

To  avoid  any  jjossible  misconception,  the  writer  desires  to  state 
that  he  does  not  condemn  levees  as  an  auxiliarv  device  to  assist  in  con- 
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trolling  the  flood  movements,  and  that  by  outlets,  he  does  not  mean  Mr.  Haupt. 
the  cutting  of  great  natural  breaches  in  the  dikes,  but  suitably 
arranged  sjjillways  with  sills  at  proper  elevations  above  ordinary  stages 
and  surmounted  by  movable  dams,  shutters  or  gates,  for  the  regulation 
of  the  discharge.  As  far  as  the  ijracticability  of  these  devices  is  con- 
cerned, there  can  be  no  question,  as  the  Government  has  made  an 
excellent  demonstration  of  their  efficiency  'on  the  Kanawha  and  Upper 
Ohio  Rivers  and  elsewhere. 

E.ESEKVOIKS. 

Still  another  source  of  relief  remains  to  be  noted  briefly. 

At  the  Convention  of  this  Society  held  at  Old  Point  Comfort,  in 
1892,  the  writer  submitted  a  few  suggestions  in  these  words:* 

"It  would  seem  practicable  to  provide  a  sufficient  number  of  large 
lateral  subsiding  basins  or  lakes  by  enclosing  extensive  areas  at  inter- 
vals where  the  topography  admitted  of  economical  construction,  into 
which  the  flood  waters  could  escape,  and  in  which,  the  velocity  being 
reduced,  a  large  part  of  the  silt  would  be  precipitated,  while,  after 
the  passage  of  the  crest  of  the  flood-wave,  the  clearer  waters  from  the 
reservoirs  would  return  to  the  river  and  become  useful  for  navigation. 
In  short,  instead  of  serving  the  sole  jjurpose  of  maintaining  the  water 
supply  for  low  stages,  *  *  *  they  would  also  reduce  the  rate  of 
raising  the  bed  by  jiroviding  lateral  dumping  grounds  outside  of  the 
bed  of  the  stream,  and  would  also  reduce  the  flood  jjlane  and  dangers 
from  inundation.  There  are  numerous  places  on  the  river  where,  by 
making  return  dikes  extending  back  to  the  bluffs,  many  square  miles 
of  land,  now  of  little  value,  might  be  utilized  for  such  safety  valves 
for  the  river,  with  substantial  benefit  and  at  a  comparatively  small 
cost. 

***** 

"  The  systematic  imjirovement  of  the  river  must  treat  the  problem 
as  a  whole,  and  provide  at  high  stages  for  the  rapid  emptying  of  its 
basin  at  the  outlet,  the  retardation  of  its  filling  by  its  tribixtaries,  pro- 
vision for  deposition  of  its  load  and  tempoi'ary  escape  of  its  excess  of 
water  along  its  course;  while  for  the  low-water  stages  for  navigation 
the  stream  must  be  canalized  so  far  as  practicable  to  retain  a  nearly 
uniform  velocity. " 

In  the  discussion  of  these  suggestions,  which  followed,  it  was 
stated  that: 

"  It  is  not  established  that  general  relief  is  found  by  using  these 
basins  to  receive  and  hold  back  for  a  time  the  water  overflowing  into 
them  from  great  floods." 

As  no  such  basins  have  ever  been  created  on  the  Mississijipi,  there 
is  no  local  experience  upon  which  to  base  this  objection,  for  the 
natui'al  overflow  and  run-off'  are  not  the  conditions  contemplated,  but 
a  series  of  reservoirs  for  which  the  Senate  Committee  said  this  reach 
was  well  adapted,  the  only  objection  it  raised  was  to  the  cost,  which  it 
thought  would  be  greater  than  that  of  leveeing  the  entire  front  of  the 
basin.     But  that  is  not  the  proper  basis  of  comparison  as  to  cost, 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  XXVII,  p.  302. 
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Mr.  Haupt.  since  the  closure  of  the  basin  not  only  involves  the  cost  of  the  levees 
along  its  front,  but  the  elevation  and  strengthening  of  nearly  the 
entire  line  from  Cairo  to  the  sea,  compared  with  which  the  cost  of  the 
reservoir  and  regulating  works  would  be  a  small  item.  In  addition 
thereto,  there  would  result  a  definite  control  of  floods,  a  slack-water 
navigation  for  more  than  300  miles  of  river,  a  series  of  reservoirs  for 
storage  and  irrigation  canals,  and  the  reclamation  of  much  arable  land 
along  the  banks,  all  the  way  down  the  river.  These  benefits  are  suf- 
ficient to  warrant  the  construction  of  the  system  which  has  been  so 
fully  and  carefully  described*  by  James  A.  Seddon,  M.  Am.  Soc.  C.  E. 
In  this  paper  it  is  stated  that  "a  20- ft.  channel,  navigable  at  all  sea- 
sons, is  shown  to  be  feasible,  by  the  group  of  professional  men  best 
qualified  to  judge." 

The  painstaking  researches  given  to  this  all-absorbing  question  by 
one  whose  Hfe  has  been  spent  in  these  studies,  entitle  them  to  great 
weight,  and  they  reveal  the  practicability  of  so  regulating  the  river 
floods,  and  at  the  same  time  of  i^roviding  a  sufficient  channel,  as  to 
commend  them  to  the  earnest  attention  of  the  Government. 

It  is  not  reassuring  to  be  told  that  when  the  levees  are  complete 
the  lands  behind  them  will  be  safe  from  inundations,  for  it  is  only 
aecessary  to  look  to  recent  experiences  in  other  coTintries  which  have 
taken  refuge  in  long-completed  levees.  In  China,  for  examjjle,  it  has 
been  officially  reported  that  the  Yangtse  Kiang  had  broken  out  re- 
cently above  Nanking,  the  water  reaching  the  highest  stage  in  fifty  years. 
The  devastation  was  widespread.  Villages,  farms,  crops  and  live- 
stock were  swept  away,  and  famine  stared  the  people  in  the  face.  The 
loss  of  life  was  very  great,  thousands  being  drowned,  and  the  natives 
were  living  in  the  trees.  Kiots  and  robberies  prevailed  as  a  result  of 
suffering  from  famine.     This  catastrophe  occurred  in  October,  1901. 

In  another  instance,  it  was  rejiorted  that  3  000  000  persons  were 
drowned  by  the  bursting  of  the  levees  along  the  Yellow  Biver,  which 
has  been  appropriately  designated  as  "China's  Sorrow,"  because  of 
the  great  destruction  wrought  by  its  floods. 

With  reference  to  the  present  experience  in  Egypt,  it  is  stated  that: 

"The  necessity  of  constructing  levees  to  exclude  the  Nile  water 
from  the  cotton-growing  fields  has  rendered  the  inundations  destruc- 
tive, and  the  siJeculation  seems  on  the  whole  to  have  injured  the  wel- 
fare of  Egypt." 

But  there  is  another  feature  of  the  levee  system  to  w^hich  attention 
should  be  directed  before  dismissing  the  subject,  and  that  is  the  great 
irregularity  in  cross-section  which  it  necessarily  introduces  in  con- 
sequence of  the  bends  of  the  stream  and  the  character  of  the  support- 
ing ground,  thus  violating  one  of  the  most  important  requisites  for 
the  permanent  improvement  of  a  stream.     A  mere  glance  at  the  maps 

*  Paper  read  before  the  Western  Society  of  Engineers,  June  20th,  1900,  and  reprinted 
by  the  Illinois  River  Valley  Association. 
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■will  serve  to  impress  this  feature  of  the  levees.  For  example,  at  Mile  Mr.  Haupt. 
430,  below  Caii'o,  the  distance  across  the  river  between  the  jetties  is 
about  1  mile;  30  miles  higher  uj?  it  is  about  15  miles.  Ten  miles 
below  it  is  5  miles;  in  20  miles  more  it  widens  to  8  miles,  and  5  miles 
lower  contracts  to  1  mile.  This  great  irregularity  of  width  necessi- 
tates corresponding  fluctuations  in  depths  at  high  water,  with  high 
velocities  at  the  gorges  and  deep  erosion  resulting  in  higher  shoals 
and  bars  in  the  wide  reaches,  thus  building  up  obstacles  to  navigation, 
as  may  be  illustrated  by  the  detention  of  the  monitor  Ai'kanaas  at  St. 
Genevieve,  Mo.,  during  the  jjeriod  of  the  year  when  the  river  is  sup- 
posed to  be  navigable  for  vessels  of  that  limited  draft. 

In  many  places  the  building  of  a  few  miles  would  have  saved  from 
five  to  ten  times  as  many  and  have  given  a  far  better  alignment. 

CoNCIjUSION. 

To  bring  this  many-sided  question  to  a  conclusion,  it  may  be  said 
that  outlets  and  regulating  reservoirs  or  basins  have  not  had  the  con- 
sideration which  their  many  advantages  demand  for  them,  but  have 
been  dismissed  on  theoretical  grounds,  while  the  ancient  exj^eriences 
demonstrate  them  to  be  the  most  important  factors  in  contributing  to  the 
success  of  great  river  regulation,  with  the  result  of  ultimately  reclaim- 
ing and  protecting  more  land  and  rendering  it  more  productive  than 
&  system  which  looks  to  the  almost  total  exclusion  of  that  element  so 
necessary  to  agriculture,  water.  The  levees  undoubtedly  increase  in 
lieight  with  the  extension  of  the  system,  they  overload  the  banks,  do 
not  prevent  caving,  do  not  regulate  the  stream,  increase  the  fluctua- 
tions between  high  and  low  stages,  instead  of  securing  a  more  nearly 
normal  discharge,  and  are  in  themselves  very  expensive  to  create  and 
maintain,  being  subject  to  the  direct  attack  of  the  flood  forces. 

The  national  pro3i3erity  is  largely  dependent  uj)on  the  maintenance 
of  the  great  central  basin  as  a  granary  for  domestic  and  foreign  sujd- 
plies,  and  hence  the  question  should  be  carefully  and  fearlessly  consid- 
ered solely  on  its  merits.  It  is  believed  that  this  can  be  done  to  great 
advantage  by  the  members  of  this  Society,  and  that  the  topic  is  timely 
and  deserving  of  the  fullest  consideration. 

*  *  *  *  *  :^ 

The  foregoing  discussion  was  prepared  prior  to  the  presentation  of 
the  discussions  at  the  Convention,  and  the  writer,  having  read  the 
latter  since  that  time,  thinks  it  necessary  to  add  a  few  supplementary 
deductions. 

From  the  discussions  by  several  members  of  the  Mississippi  River 
Commission,  it  appears  that  all  are  agreed  as  to  the  ends  to  be  secured, 
namely,  the  reclamation  of  the  fertile  lands  of  the  Mississijipi,  but 
that  there  are  honest  differences  of  opinion  as  to  means,  as  well  as  of 
interpretation  of  data,  which  remain  to  be  reconciled. 
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Mr.  Haupt.  The  Oommission's  j^resent  plan  appears  to  lay  stress  upon  levees 
as  the  sole  means  of  reclamation,  with  incidental  channel  imi^rove- 
ment,  su^jplemented  by  dredging,  and  it  appears  to  deny  the  state- 
ments, so  generally  made  and  believed,  that  the  effect  of  the  levees 
would  be  to  cause  the  bed  of  the  stream  to  rise;  while  others,  and 
among  them  the  writer,  having  full  faith  in  the  levees  as  a  partial 
remedial  measure,  would  supi^lement  them  by  reservoirs,  outlets  and 
other  devices,  and  jirefer  to  take  the  record  of  thousands  of  years  as  to 
elevation  of  bed,  to  that  furnished  by  surveys  covering  onlj'  a  period  of 
some  thirteen  or  fourteen  years.  However,  if  Tables  Nos.  1  and  2  and 
the  diagram.  Fig.  1,  prove  anything,  it  would  seem  that  there  has 
been  a  loss  in  the  low- water  mean  depth,  or  an  elevation  of  bed,  of 
about  G%,  and  in  the  medium  depth  of  from  6  to  S%,  while  the  bank- 
full  stage  of  Table  No.  2  shows  a  loss  in  mean  depth  of  8.9%,  notwith- 
standing the  increase  in  width  in  each  case.  They  also  show  losses  of 
about  3.7 %  in  area  for  both  stretches,  at  low  water;  and  in  1894  the 
upper  section  gained  2.7%  in  area  at  medium  stage,  while  the  lower 
section  of  the  river,    from   Vicksburg  south,   lost  0.8%  at  medium 


The  composite  diagram  also  indicates  clearly  an  elevation  of  the 
bottom  averaging  about  4  ft.  (the  scale  is  too  small  for  any  accuracy) 
at  low  water  and  an  enlargement  between  low  and  extreme  high  water,, 
which  enlargement  in  width  does  not  improve  navigation,  but  repre- 
sents the  amount  of  detritus  fed  to  the  stream  by  the  caving  banks,  a 
portion  of  which  is  accounted  for  in  the  fill  at  the  bottom  of  the  cross- 
section.  The  question  at  once  arises  as  to  the  disposition  of  this  ma- 
terial eroded  from  the  caving  banks  and  (as  determined  by  j^lanimeter 
from  this  small  drawing)  amounting  to  8.6%  of  the  mean  cross-section 
covering  200  miles  of  river.  Since  there  are  supposed  to  be  no  outlets 
whereby  it  may  escape  from  the  stream,  there  would  seem  to  be  no 
alternative  but  to  expect  it  to  be  deposited  in  its  bed  or  be  carried 
bodily  to  the  Gulf;  but  it  has  never  been  claimed  that  the  deposit  at 
the  mouth  is  equal  to  the  sediment  fed  to  the  bed  by  tributaries  and 
caving  banks.  Hence  the  conclusion  is  inevitable  that  the  bed,  as  a 
whole,  must  rise.  This  elevation  must  become  more  rapid  as  the  area, 
of  deposit  is  confined  by  levees.  The  entire  alluvial  deposit  of  the 
basin  is  the  recorded  answer  of  Nature  as  to  bed  elevation,  and  it  is 
illustrated  further  by  the  salient  spits  of  land  which  jet  out  into  the 
Gulf  to  sujjport  its  bed  and  elevate  the  waters  of  the  stream  above  the 
general  level  of  the  Gulf. 

The  general  facts  stated  in  the  tables,  resulting  from  the  carefully 
conducted  surveys  made  under  the  direct  supervision  of  one  of  the 
most  experienced  and  competent  civil  engineers  in  that  service,  reveal 
shoaling  of  the  mean  depths  at  low-water  and  medium  stages,  reduc- 
tion of  low-water  areas,  increase  of  width  and  elevation  of  flood  surface^ 
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with  large  inci'ease  of  bank  erosion  between  higli  and  low  water;  it  Mr.  Haupt. 
would  therefore  seem  to  leave  no  doubt  as  to  the  contention  that  the 
bed  is  rising  and  the  flood-plane  with  it.     The  latter  is  due  more 
especially  to  contraction  between  levees  than  to  bed  elevation. 

Table  No.  4  also  confirms,  as  far  as  such  data  can,  the  general  ex- 
perience that  each  successive  high  flood,  of  approximately  equivalent 
volume,  has  overtopped  its  predecessor  by  some  feet.  In  the  flood  of 
1903,  the  gauge  at  Cairo  was  1.57  ft.  lower  than  the  highest  previous 
record,  while  that  at  Greenville,  Miss.,  was  2.35  ft.  higher  than  any 
former  record,  making  a  difference  (other  things  being  equal)  of  3.92 
ft.  in  height,  due  to  levee  extension.  The  same  table  shows  that  this 
flood  of  1903,  which  was  not  a  maximum  at  Cairo,  overtopped  the 
highest  previous  flood  record  all  the  way  from  Cottonwood  Point  to 
the  Red  River,  with  but  two  slight  exceptions,  while  in  the  outlet  sec- 
tion, below  Red  River,  the  surface  generally  was  lower  than  the 
highest  previoiis  records.  The  profile  of  this  flood,  which  has  not  yet 
been  piiblished,  will  show  some  very  siiggestive  fluctuations  of  slope 
and  discharge  due  to  variations  of  alignment  and  width  between 
levees. 

Already,  the  menace  in  the  vicinity  of  Memphis,  caused  by  the 
partial  closure  of  the  St.  Francis  front,  is  such  as  to  call  for  vigorous 
protests  against  its  extension,  since  no  provision  has  been  made  for 
relief,  and  it  is  admitted  that: 

"  A  crevasse  in  the  levee  of  the  future  will  be  a  more  serious  disaster 
than  in  one  of  the  present  time,  in  proportion  to  its  greater  depth  and 
discharge,  and  the  greater  improvements  which  have  developed  under 
its  protection." 

Yet  this  menace  is  avoidable,  and  should  be  provided  for  in  the 
scheme  of  improvement. 

The  standard  levees  have  been  revised  frequently  as  to  elevation 
and  section,  but,  unfortunately,  not  as  to  alignment,  where  the 
greatest  benefits  are  possible.  But  little  attention  appears  to  have 
been  paid,  in  these  discussions,  to  the  serious  irregularities  in  width 
between  levees,  causing  pools  and  chutes,  with  great  irregularity  of 
discharge  and  slope,  bar  building  and  bank  caving. 

In  1897  it  was  estimated  that  the  levee  system  could  be  completed 
at  a  cost  of  $20  000  000  in  from  four  to  five  years,  yet  in  the  present 
discussion  it  is  stated  that  at  this  date  (1903)  only  60^^  of  the  yardage 
now  considered  necessary  for  the  safety  of  the  plantations  below  their 
banks  is  in  place,  and  that  the  experience  of  this  year  "  makes  advis- 
able a  revision  of  the  provisional  standard  in  the  vicinity  of  some  of 
the  gauge  stations." 

Conclusions  derived  from  average  gauge  readings  at  a  few  fixed 
points  should  have  but  little  weight,  since  the  shifting  of  the  bars  up 
or  down  a  stream  with  reference  to  the  location  of  the  gauges,  as  well 
as  the  variation   of  width  between  banks,  will  affect  their  readings 
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Mr.  Haupt.  materially.  The  increase  in  widtli  alone,  as  shown  in  Tables  Nos.  1 
and  2,  would,  in  itself,  account  for  a  relatively  lower  reading  of  tlie 
gauges,  tLus  vitiating  any  deductions  as  to  bed  elevation,  unless  the 
corrections  were  applied,  Avhich  does  not  appear  to  have  been  done. 

The  reference  to  reduction  of  sectioual  area  below  crevasses, 
and  their  enlargement  after  closure  as  being  an  invariable  exjjeri- 
ence,  appears  to  be  disproved  by  the  records  of  sections  made  and 
tabulated  by  Humphreys  and  Abbot,*  as  well  as  by  other  competent 
authorities,  for  the  special  purpose  of  ascertaining  the  effects  of  such 
outlets. 

The  general  physical  characteristics  of  the  stream  between  the 
Ohio  and  the  Ked  River  are  thus  briefly  described  by  a  distinguished 
member  of  the  Commission. 

"  The  bed  of  the  stream  is  through  deposits  which  it  has  built  VLp 
and  torn  down  rej)eatedly.  *  *  *  The  caving  in  the  middle  third 
of  this  portion  of  the  river  reaches  enormous  proportions.  A  large 
percentage  of  the  alluvial  banks  throughout  the  reach  yields  readily 
to  the  eroding  jjower  of  the  current,  and  this  erosion  amounts  to  an 
average  of  about  9  acres  per  annum  for  each  mile  of  river.  In  places 
the  river  becomes  excessively  wide  by  encroaching  on  first  one  bank 
and  then  another;  *  *  *  again,  it  becomes  exceedingly  crooked  by 
the  continued  erosion  of  the  concave  bank. 

"The  width  of  the  river  reaches  a  maximum  in  this  reach,  the 
high-water  banks  being  sometimes  two  miles  apart.  The  banks  are 
30  to  45  ft.  in  height  above  low  water.  Overflows  are  frequent,  except 
where  floods  are  restrained  by  levees.  The  sandbars  are  very  large  in 
extent,  and  wooded  islands  and  towheads  are  numerous. 

"  The  extreme  range  in  stage  from  low  to  high  water  is  about  53  ft., 
and  the  discharge  varies  from  65  000  cu.  ft.  per  second  at  low  water  to 
2  000  000  cu.  ft.  per  second  at  high  water  (1  :  30). 

"  The  destructive  floods  enter  the  alluvial  basin  at  the  ui^per  end 
of  this  reach  and  sweep  its  entire  length,  gathering  strength  as  they 
go,  and  often  remain  at  an  overflow  stage  for  a  period  of  nearly  three 
months. 

"  The  elevation  of  the  upper  end  of  the  reach  at  low  water  is  about 
270  ft.,  and  at  the  lower  end  the  elevation  is  aboiit  2  ft.  above  sea."t 

From  the  foregoing  extract  it  appears  that  this  reach  is  character- 
ized by  great  variation  in  width,  height  and  volume  of  discharge, 
"  enormous"  caving,  long  periods  of  saturation  of  levees,  insuflScient 
depths  on  crossings,  limited  to  about  5  ft.,  and  frequent  overflows  and 
crevasses. 

As  the  levee  system  is  extended,  an  augmented  volume  of  water  is 
confined  to  the  contracted  area,  thus  increasing  the  variations  of  stage 
and  discharge  between  high  and  low  water  and  building  up  the 
crossing  bars.  Moreover,  the  general  alignment  of  the  levees  as  built 
is  such  as  to  cause  still  greater  fluctuations  of  flow  because  of  the 
variation  in  width,  ranging  from  about  2  to  over  20  miles,  and  creating 

*  See  Chapter  VI,  Hydraulics  of  the  Mississippi  River;  also,  Ellet  on  the  Ohio  and 
Mississippi  Rivers. 

t  "  Riparian  Lands  of  the  Mississippi  River,"  F.  H.  Tompkins,  New  Orleans,  1901. 
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Mr.  Haupt.  a  succession  of  lakes  and  gorges.  The  angular  trace  also  opposes 
greater  resistance  to  the  discharge,  by  reason  of  the  salients  and 
re-entrants,  which  also  add  to  the  length  and  cost  of  the  works,  and 
increase  the  caving.  In  numerous  places  the  construction  of  a  few 
miles  would  save  from  two  to  three  times  the  length  and  give  a  much 
better  flow.  These  features  are  illustrated  in  the  sketch  of  the  Third 
District,  Fig.  4. 

Evolution  of  Levees. 

The  levee  is  primarily  a  barrier,  erected  to  defend  the  plantations 
from  the  encroachments  of  floods.  As  such,  its  origin  was  local,  con- 
fined to  the  lower  elevations  along  the  river  and  made  to  conform  to 
the  areas  to  be  protected.  These  works  were  built  by  the  earlier 
occupants  of  the  rich  farms,  at  their  own  cost,  subsequently  aided  by 
the  Parishes,  then  by  Districts,  States  and  finally  by  the  General  Gov- 
ernment. The  disconnected  broken  lines  were  enlarged  and  connected 
as  the  exigencies  arose  for  the  continued  exclusion  of  the  river  from 
its  natural  outlet  and  dumping  grounds,  until  they  have  assumed 
magnificent  proportions,  and  yet  they  are  not  able  to  cope  with  the 
constantly  increasing  height  of  the  floods.  But  the  most  unfortunate 
feature  of  this  mode  of  development  has  been  the  absence  of  any  gen- 
eral and  systematic  alignment  for  the  regulation  of  the  discharge  at 
any  stage  of  the  river.  The  trace  of  the  levees  is  characterized  by  a 
series  of  broken,  angular  segments  resembling  a  line  of  military  en- 
trenchments so  designed  as  to  enable  the  adjacent  enceinte  to  be 
enfiladed.  Still  more  objectionable,  however,  is  the  great  inequality 
in  width  between  the  lines  of  levees  on  opposite  banks,  or  between 
one  line  of  artificial  levees  and  the  natural  bluff's,  which  range  from 
about  2  to  more  than  20  miles,  thus  converting  the  bed  into  a 
series  of  pools  or  large  lakes  and  chutes.  These  gorges,  being  unable 
to  void  the  floods  as  rapidly  as  they  enter  from  above,  cause  the  lakes 
to  fill  and  overflow,  and  also  jjroduce  gi'eat  irregularities  in  slope,  thus 
cutting  out  the  bottom  at  the  gorges  and  filling  up  the  lakes,  which  at 
low  stages  become  more  difficult  of  navigation,  requiring  the  use  of 
large  hydraulic  dredges  to  reoi^en  the  channels,  which  do  not  long 
remain  open. 

It  would  apparently  afford  great  relief  and  a  better  navigation  if 
the  location  of  the  levees  were  revised  and  the  gorges  opened  by  set- 
ting the  levees  back,  which  could  be  done  in  many  instances  at  a  cost 
which  would  be  fully  justified,  in  the  reduction  of  the  total  length  and 
in  the  benefits  to  both  the  channel  and  the  farms. 

It  is  suggestive  that  the  cane  growers  of  Louisiana  are  now 
advocating  the  introduction  of  a  system  of  irrigation  to  increase 
the  fertility  of  the  lands  from  which  the  waters  have  been  excluded 
by  the  levees.     This  must  be  followed  logically  by  a  system  of  drain- 


DISCUSSION"    ON   LEVEES    OF   MISSISSIPPI    RIVER.  379 

age  and  pumpage  in  places  to  restore  the  water  to  the  river,  running  Mr.  Haupt. 
on  the  higher  level.     Fig.  4  will  show  the  defects  in  the  levee  trace, 
as  it  exists  to-day. 

Experiments  to  Determine  the  Influence  of  Forms  of  Channels  on 
THEIR  Discharge  Capacity,  as  Applicable  to  Large  Rivers. 

ApparatNS. — These  experiments  are  submitted  merely  in  the  nature 
of  suggestions,  since  the  apparatus  is  necessarily  so  crude  as  to 
eliminate  all  refinements  looking  to  very  accurate  results,  and,  even  if 
they  were  possible,  the  conditions  available  would  not  resemble  those 
in  Nature. 

As  a  type,  a  section  of  the  Mississijipi  River  was  taken,  covering  the 
Third  Engineering  District,  extending  from  the  White  to  the  Yazoo 
Rivers,  the  length  being  213  miles  by  the  river  or  113  in  an  air  line. 
Four  tubes  were  taken  to  represent:  (1)  the  actual  length  of  the 
stream,  following  its  convolutions  at  low  water;  (2)  the  same  devel- 
oped as  a  straight  line;  (3)  the  river  at  high  water  along  the  axis  of 
the  levees;  and  (4)  the  same  developed. 

The  two  low- water  tubes  were  each  36  ins.  long,  and  had  a  diameter 
of  3  mm.  The  high-water  tubes  were  23  ins.  long,  and  had  a  diameter 
of  11  mm.,  which  gave  the  straight  tubes  a  relative  capacity  of 
1:13.77.  This  was  checked  by  filling  a  given  vessel  by  siphoning 
through  the  tubes,  under  a  constant  head,  which  gave  the  relative  « 

times  as  observed  to  the  nearest  second,  from  a  mean  of  several  tests, 
as  14  :  1. 

Exjyerivients. — 1.  It  was  found  that  the  receiver  was  filled  by  the 
large  tube  in  282  seconds,  which,  being  divided  by  the  relative  capacity, 
13.77,  gives  20.44  seconds  for  the  time  required  to  fill  the  vessel  by 
means  of  the  smaller  straight  tube.  The  actual  time,  as  recorded  by  a 
watch  beating  seconds,  was  20  seconds,  a  close  confirmation. 

2.  The  low-water  straight  and  bent  tubes  were  then  compared  in  a 
similar  manner  by  passing  a  current  through  them  and  filling  the 
receiver.  It  was  found  that  while  the  time  required  by  the  straight 
tube  was  282  seconds  that  by  the  bent  tube  was  1665  seconds,  or,  in 
other  words,  the  distortions  and  bends  of  the  path  retarded  the  flow 
5.9  fold. 

3.  While  the  large  straight  tube  required  20  seconds  to  fill  the 
receiver,  the  corresponding  bent  tube  took  45  seconds,  or  two  and  a 
quarter  times  as  long. 

4.  The  large  tubes  were  then  filled  and  allowed  to  empty  them- 
selves by  gravity.  The  straight  one  discharged  itself  in  less  than  one 
second,  while  the  expanded  one  required  9  seconds,  due  to  variations 
of  cross-section  and  interferences  caused  thereby. 

Deductions. — From  these  experiments  it  appears  that  the  capacity 
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Mr.  Haupt.  of  discharge  of  the  convoluted,  low-water  conduit  is  but  17/^  of  its 
rectified  length,  and  that  of  the  distended  high-water  channel  is  but 
4:4:^0  of  its  developed  length,  thus  illustrating  clearly  the  imjiortance 
of  channel  rectification  to  facilitate  the  rapid  discharge  of  floods. 

lu  a  state  of  nature  the  river  seems  to  be  almost  endowed  with  rea- 
son, in  its  nice  adjustment  to  the  demands  made  upon  it,  by  shortening 
its  length,  increasing  its  slope,  opening  its  mouths,  and,  if  the  flood 
comes  on  too  rajsidly,  overtopping  its  banks  and  depositing  its  load  in 
the  bayous;  or,  at  low  stages,  falling  back  into  its  serpentine  bed, 
with  increased  length,  retarded  discharge  and  a  better  navigation. 

Mr.  Thomas.  B.  F.  Thomas,  M.  Am.  Soc.  C.  E.  (by  letter.) — This  question  can 
hardly  be  answered  if  we  are  to  consider  the  experience  on  the  Missis- 
sippi alone,  because  the  works  are  not  yet  complete  as  to  extent, 
height  or  section  ;  but  we  are  at  liberty  to  investigate  the  effects  of  such 
works  in  other  countries,  and  draw  conclusions  from  their  experience 
of  more  than  twenty  centuries,  because  levees  are  among  the  most 
ancient  works  which  have  been  executed  on  watercourses,  having  been 

♦  constr^^cted  by  the  Egyptians,  Babylonians,  Phoenicians,  Romans  and 

East  Indian  nations  along  the  Eiiphrates,  Tiber,  Po,  Arno,  Chiana, 
Adige,  Reno,  and  other  streams. 

The  question  of  how  best  to  remedy  the  evils  incident  to  the  suc- 
ceeding inundations  of  fertile  valleys  was  discussed  by  some  of  the 
greatest  philosophers  of  the  past,  among  whom  were  Galileo,  Poleni, 
Torricelli  and  Zendrini,  and  this  discussion  resulted  in  the  establish- 
ment of  a  general  levee  system.  Later  came  similar  systems  along  the 
Rhine,  Oder,  Elbe,  Theiss,  Vaert,  Thames,  Mersey,  Loire,  Vistula, 
Mississippi,  and  other  rivers  of  importance.  In  the  ancient  discus- 
sions, three  methods  of  caring  for  the  excess  of  flow  were  considered. 
These  were: 

1.  To  give  the  promptest  discharge  possible,  so  as  to  pass  the  waters 
as  fast  as  they  arrive. 

2.  To  retain  the  flood  waters,  so  as  to  jsrolong  the  duration  of  the 
flood,  but  reduce  its  intensity. 

3.  To  allow  the  flood  a  sufficient  space,  but  circumscribed,  in  which 
the  discharge  will  be  effected  according  to  its  laws,  and  outside 
of  which  the  soil  (sheltered  by  levees)  will  not  be  subject  to 
inundation. 

The  first  is  the  clearing  process;  the  second  the  storage  reservoir', 
and  the  third  the  levee  system. 

Clearing. — Clearing  consists  of  the  removal  of  all  obstructions,  and 
straightening  and  widening  the  river  bed.  It  does  not  constitute  a 
remedy,  in  so  far  as  it  affects  the  principal  stream,  but,  when  applied 
to  the  side  streams  in  the  lower  part  of  a  valley,  it  enables  them  to 
discharge  their  waters  more  quickly,  so  that,  theoretically,  the  lower 
tributaries  will  have  been  emptied  before  the  flood  arrives  from  above. 
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However,  this  result  is  not  always  accomplished,  because  the  tribu-  Mr.  Thomas, 
taries  will  not  always  rise  at  the  time  desired,  and  because,  as  the  sea 
is  approached,  the  slope  is  diminished  and  the  velocity  becomes  less, 
so  that  the  bed  is  not  capable  of  discharging  the  increased  flow  precip- 
itated upon  it,  and  overflow  is  bound  to  result  in  the  lower  part  of  the 
valley,  usually  the  most  fertile  and  thickly  populated.  Where  this 
method  has  been  adopted,  the  conclusion  has  been  reached  that: 

' '  It  may  be  a  palliation  of  the  evil  over  some  sj^ecial  points  or 
obstacles  raising  the  flood,  but  not  a  remedy  for  inundations  in  gen- 
eral, and  that,  sufficiently  generalized,  it  tends  to  aggravate  rather 
than  lessen  the  effects  of  floods." 

Storage. — Directly  opposite  to  the  foregoing  are  the  results  aimed 
at  by  the  method  of  storing  flood  waters  and  allowing  them  to  escape 
gradually  as  the  flood  subsides,  or  even  holding  them  to  assist  naviga- 
tion during  low  water. 

A  striking  example  of  the  efi'ect  of  reservoirs  on  floods  is  given  by 
Lombardini.  The  maximum  discharge  of  the  Adda,  in  the  flood  of 
September,  1829,  at  its  entrance  to  Lake  Como,  was  68  501  cul  ft.  ,per 
second,  while  at  its  exit  it  was  only  28  389  cu.  ft.     In  passing  through  * 

the  lake  the  maximum  flood  was  diminished  in  the  ratio  of  2.4  to  1. 
This  suggests  the  creation  of  artificial  reservoirs  in  which  to  hold  the 
waters  during  flood  times,  and  this  seductive  idea  has  taken  strong 
hold  on  many  engineers  of  ability,  only  to  be  drojjped  from  consid- 
eration when  its  utter  impossibility,  within  reasonable  cost,  became 
apparent.  Leaving  the  cost  of  establishment  out  of  the  question,  the 
cost  of  removing  deposits  whi<3h  accumulate  constantly,  the  danger  of 
disaster  from  breaking  when  full,  a  danger  far  greater  than  can  be 
expected  from  extraordinary  floods,  and  the  fact  that  the  reservoirs 
will  not  always  be  empty  at  the  ojaportune  moment,  ready  to  catch 
the  waters  as  they  come,  must  render  their  adoption  unwise  and  inex- 
pedient, unless  other  questions  of  great  importance  are  involved;  for 
instance,  if  there  are  groups  of  interests  justifying  the  establishment 
of  large  storage,  it  might  be  well  to  increase  the  capacity  for  the  pur- 
pose of  preventing  serious  overflow. 

The  writer  believes  that  it  is  only  necessary  to  study  thoroughly 
the  reservoir  question,  as  applicable  to  the  Mississippi  problem,  to 
convince  anyone  that  it  is  impracticable,  or  even  impossible. 

Levees. — If  one  will  observe  an  overflowed  valley  he  will  find  that 
over  the  greater  part  of  its  transverse  profile  a  much  larger  area  is 
being  covered  than  is  required  for  the  river's  discharge,  and  that  the 
water  is  quiet  for  a  great  distance  on  either  side  of  the  main  river 
bed.  He  will  at  once  conceive  the  idea  of  confining  the  water  to  the 
space  necessary  for  its  flow,  and  sheltering  the  adjacent  lands  from 
inundation,  and  the  many  disasters  and  inconveniences  caused  thereby. 
The  embankments  by  which  this  is  efi'ected  have  received  the  name  of 
levees.     Their  use  dates  from  all  antiquity,  and  has  made  possible  the 
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Mr.  Thomas.  Imikling  up  of  rich  kingdoms  in  districts  which,  otherwise,  would 
have  been  uninhabitable. 

The  oldest  example  of  importance,  that  of  the  Po,  has  assured  the 
protection  of  a  vast  and  rich  territory  century  after  century,  and  still 
stands  as  a  monument  to  the  skill,  jjerseverance  and  foresight  of  Italian 
engineers,  men  who  dared  to  act  in  the  face  of  strenuous  opposition 
and  fierce  cahimny.  These  embankments  follow  not  only  the  main 
stream,  but  turn  up  each  side  of  the  affluents  to  points  where  overflows 
will  not  reach,  so  that: 

"  The  vast  submersible  plain  of  the  Po  is  guarded  by  an  immense 
network  of  dikes  enveloping  each  stream  and  defining  for  all,  without 
exception,  a  bed  in  which  is  concentrated  the  escape  of  the  floods  of 
the  valley." 

These  levees  have  been  so  spaced  at  and  near  the  mouths  of  tribu- 
taries of  importance  that  the  "  major  bed  forms  a  sort  of  reservoir  in 
which  is  stored  not  only  the  floods  but  still,  and  to  disappear  with 
time,  the  dej^osits  carried  by  the  affluents."  In  this  way  the  major 
bed  of  the  main  stream  and  of  its  affluents  in  their  low^er  part  serves 
*  as  a  regulator  for  floods,  descending  from  the  mountains,  which  are  led 

out  to  the  sea  by  a  "  contracted  outlet  that  tempers  the  velocity  and 
the  disastrous  effects  by  bringing  about  the  raising  of  the  flood  above 
the  Panaro."  Lombardini  has  stated,  and  it  has  been  confirmed  in  the 
report  of  Baumgarten,  that  this  equilibrium  has  been  happily  estab- 
lished, so  that  the  discharge  is  virtually  the  same  at  Tessin,  Cremona, 
and  toward  Ferrara,  and  that,  while  the  combined  discharge  of  all  the 
affluents  amounts  to  528  000  cu.  ft.  per  second,  the  discharge  of  the 
Po  during  the  same  period  is  only  176  000  cu.  ft.  per  second.  This  is 
certainly  a  remarkable  result,  and  doubtless  much  of  it  must  be  attrib- 
uted to  the  fact  that  the  tributaries  do  not  discharge  flood  waters  simul- 
taneously and  that  the  lakes  retard  the  flow  to  a  marked  extent. 

The  volume  of  water  stored  between  the  levees  of  the  Po  and  tribu- 
taries, from  Casale  to  the  sea,  is  given  as  1  896  000  000  cu.  m.,  a  quan- 
tity corresponding  to  more  than  four  days'  discharge  of  the  river  at  the 
rate  above  given.  Thus  there  has  been  created  an  artificial  reservoir, 
the  effect  of  which  is  the  same  upon  the  Po  as  is  that  of  the  lakes  upon 
some  of  its  tributaries,  and  in  this  fact  lies  the  secret  of  their  great 
success.  There  are,  however,  very  serious  drawbacks  to  levees  as  a 
means  for  j)reventing  inundation,  and  Belgraud  has  stated  that: 

"It  is  plain  that  even  in  a  country  where  levees  have  existed  for 
twenty  centuries,  where  property  has  been  exposed  to  all  the  conse- 
quences— the  valley  of  the  Po — it  has  not  been  clearly  demonstrated 
that  the  advantages  are  greater  than  the  inconveniences." 

The  chief  objections  to  levees  are  :  (1)  that  they  raise  flood  heights; 
(2)  that  they  break  too  easily  and  often;  (3)  that  they  cost  too  much; 
(4)  that  they  cause  the  river  bed  to  rise  because  they  do  not  permit 
the  escape  of  sediment  over  the  banks. 
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Levees  undoubtedly  do  raise  flood  levels.  Here  are  the  proof s :  Mr.  Thomas. 
■Some  thirty  years  ago  Chief  Engineer  Dausse  made  the  statement  that 
the  level  of  the  highest  water  of  the  Po  had  increased  about  2  m.  in 
two  centuries,  and  that  while  there  were  only  forty-one  breaks  of  levees 
in  the  18th  century  there  were  one  hundred  and  nineteen  in  the  first 
seventy-two  years  of  the  19th,  1872  alone  having  thirty-six. 

On  the  Theiss,  at  Szegedin,  the  following  heights  have  been 
observed  since  the  levees  were  built : 

1845 21.0  ft. 

1855 22.8  " 

1867 23.6  " 

1876 25.7  " 

1888 27.8  " 

On  the  Loire,  the  coping  was  originally  placed  at  15  ft.  above  low 
water.  After  the  flood  of  1706  it  was  raised  to  21  ft.,  and  in  1846  to 
■24  ft.  Even  at  that  height,  the  floods  of  1856  and  1866  went  over  in 
many  places,  involving  most  disastrous  consequences. 

On  the  Mississippi,  the  record  at  Carrollton,  La.,  is  as  follows: 

1828 14.85  ft. 

1851 15.05    " 

1874 15.35    " 

1897 18.72    " 

1903 19.05    " 

The  completion  of  the  system  will  undoubtedly  be  the  signal  for 
Tiigher  flood  levels,  and  the  struggle  to  hold  the  water  within  bounds 
will  continue  indefinitely.  It  will  not  always  be  possible  to  prevent 
overflow,  but,  in  the  main,  intelligent  eff'ort  will  meet  with  success, 
and,  while  there  will  always  be  a  feeling  of  insecurity,  yet  the  condi- 
tions will  improve  with  time.  A  levee  is  not  a  perfect  barrier  against 
inundation,  but  it  is  without  doubt  the  best  that  can  be  obtained  at 
reasonable  cost. 

The  second  objection  noted,  namely  that  levees  are  unsafe  by 
reason  of  the  ease  with  which  crevasses  may  be  made,  is  based  on  con- 
ditions which  can  only  be  eliminated  by  care  in  construction  and 
maintenance  at  present,  and  by  increase  of  height  in  the  future,  as 
found  advisable. 

Levees  fail,  generally,  from  insuflScient  height;  sometimes  from 
leakage,  sloughing,  wave  wash,  or  malicious  cutting;  but,  as  a  rule, 
because  they  have  been  overtopped  by  the  water. 

The  objection  of  cost  has  no  reasonable  foundation  in  fact,  because 
the  levees  in  this  country  are  less  expensive  by  far  than  those  abroad 
have  been,  and  their  final  completion  and  placing  in  good  order  does 
not  mean  the  expenditure  of  a  great  amount  of  money,  when  all  the 
benefits  to  be  derived  from  a  good  and  safe  system  are  considered. 
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Mr.  Thomas.  There  is  no  other  means  by  which  overflowed  lands  can  be  reclaimed 
at  such  a  small  expense,  and  the  writer  is  glad  to  see  that  there  is  a 
general  realization  of  the  importance  of  the  work,  and  a  tendency  to 
more  liberal  allotments  for  carrying  it  on  j)roperly. 

The  charge  that  the  building  of  levees  along  a  river  will  cause  its 
bed  to  rise  is  contrary  to  experience  and  to  the  laws  governing  the 
flow  of  water,  because  the  very  fact  that  the  water  is  confined  in  a 
limited  space  is  an  assurance  that  its  velocity  will  be  increased  and  its 
transj)orting  power  be  the  greater.  Of  course,  it  will  have  more  work 
to  do,  because  the  silt  must  remain  between  the  levees,  but  experience 
proves  that  the  work  will  be  done. 

Outlets. — Much  has  been  said  and  written  in  regard  to  carrying  off 
the  excess  of  floods  through  artificial  outlets,  but  those  who  have 
given  the  subject  most  thought  and  those  who  are  responsible  for  the 
execution  of  the  projects  have  long  since  concluded  that  the  method 
is  not  practicable  for  the  Mississipi^i  because  there  are  no  advantage- 
ous sites,  even  if  the  theory  is  correct,  which  is  an  open  question. 
The  writer  has  not  noticed  this  feature  discussed  in  connection  with 
the  establishment  of  foreign  systems,  so  that  he  thinks  it  probable 
that  the  conditions  there  are  not  favorable  to  its  use.  The  princijjal 
advantages  and  disadvantages  of  this  method  have  already  been  given 
in  this  discussion  (pages  367-371),  and  nothing  further  will  be  added 
here. 

Conclusion. — In  1877  the  writer  made  a  journey  to  Louisiana  where 
he  spent  several  months  in  the  examination  of  abandoned  plantations 
and  timber  lands  which  had  been  bought,  at  bankrupt  sale  after  the 
Civil  War,  by  a  gentleman  in  the  North.  The  principal  part  of  the 
travel  was  done  on  horseback,  between  the  Ouachita  and  Mississippi. 
At  that  time  the  United  States  had  not  undertaken  to  assist  in  the  con- 
struction of  the  levees,  and  those  built  by  the  State  were  generally  in 
bad  repair  and  of  little  benefit. 

The  writer  was  daily  brought  in  close  contact  with  the  suffering, 
struggling  planters,  eking  out  a  mere  existence  on  little  patches  here 
and  there,  while  all  about  them  were  vast  acres  of  rich,  alluvial  land 
devastated  by  the  water.  They  lived  in  constant  dread  of  an  overflow 
which  might  ruin  even  these  meager  ijrosj^ects.  There  was  not  a 
blade  of  grass  or  bearing  fruit  tree  for  miles.  Here  and  there,  mounds 
were  thrown  up,  upon  which  the  cattle  had  to  stand  and  fight  the  flies 
for  days  and  weeks,  without  vegetation,  except  that  which  was  boated 
to  them. 

Buildings  had  "  run  down  "  or  had  been  destroyed  by  the  war  a 
few  years  before.  Taxes  had  "  eaten  them  up  "  under  the  reconstruc- 
tion government.  Their  case  was  indeed  pitiable  in  the  extreme  and 
apparently  hopeless.  The  writer  made  one  journey  of  more  than 
twenty  miles  among  jilautations,  some  of  which  had  at  one  time  been 
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tlie  pride  of  the  South,  without  seeing  a  single  human  face;  even  the  Mr.  Thomas, 
negro,  the  ever-j)resent,  ever-faithful  aid  to  the  southern  jjlanter,  had 
disapi^eared  from  the  face  of  the  earth.  He  met  a  small  drove  of  hogs 
swimming  toward  dry  land,  one  of  which,  the  leader,  had  almost  cut 
his  own  throat  by  striking  it  with  his  feet  as  he  paddled  himself  to 
safety. 

How  changed  is  all  this 'now!  Behind  hundreds  of  miles  of  levees, 
these  people  plow  and  plant,  sow  and  reap,  pick  cotton,  gather  fruit, 
and  cai'e  for  herds  of  fine  cattle,  all  unmindful  of  the  mighty  Missis- 
sijipi  outside.  Then  they  had  few  neighbors,  schools  or  churches; 
now  these  are  on  every  side.  The  children  go  to  school  on  foot  or  drive 
along  good  roads,  or  on  the  banquette  or  crown  of  the  levee.  All  is 
peace,  plenty  and  happiness  where  a  quarter  of  a  century  ago,  or  less, 
was  despair,  almost  starvation.  If  proof  were  necessary,  the  changed 
conditions  of  the  people  during  this  period  should  be  a  lasting  and 
sufficient  argument  in  favor  of  a  levee  system  and  of  its  early  comple- 
tion and  permanent  preservation  by  the  General  Government;  and  the 
writer  hopes  that  the  good  and  intelligent  people  of  this  country  will 
see  to  it  that  public  opinion  is  not  led  off  after  strange  gods,  because 
a  few  well-meaning  but  poorly  informed  persons  are  clamoring  for 
something  else,  their  only  excuse  being  that  levees  do  not  always  and 
everywhere  prevent  inundation.  Let  us  as  a  people  hold  up  the  hands 
of  those  pioneer  engineers,  who,  although  seriously  hampered,  are 
working  so  zealously  and  intelligently  for  the  general  good. 

The  levee  system  is  not  perfect.  It  never  will  be  as  complete  as  we 
would  desire,  but  it  is  far  and  away  ahead  of  anything  else  proposed 
by  its  opponents,  or,  within  reason,  jsossible,  and  it  has  been  well  ad- 
vanced toward  completion.  It  would  be  the  greatest  folly  to  abandon 
a  work  so  well  started,  or  even  use  it  as  auxiliary  to  an  untried  system, 
as  proposed  by  some.  The  thing  to  be  done,  as  the  writer  sees  it,  is 
to  proceed  as  rapidly  as  practicable  upon  the  lines  laid  down,  making 
such  modifications  as  the  experience  gained  thus  far  seems  to  indicate 
as  advisable,  and  when  the  system  as  planned  has  been  completed,  to 
maintain  it,  strengthen  it,  increase  its  height,  if  need  be,  extend  it 
where  it  will  be  advantageous,  correct  its  early  errors  of  location  or 
those  parts  rendered  dangerous  by  the  encroachment  of  the  river,  and  in 
every  way  make  it  a  perfect  barrier  against  flood  water,  to  the  end  that 
those  who  are  to  be  benefited  shall  realize  it  as  soon  as  practicable  and 
be  thus  encouraged  to  build  up  and  improve  the  rich  territory  pro- 
tected, and  thus  recover  much  that  has  been  lost  by  weary  years  of 
patient  waiting,  uncertainty  and  deprivation. 

Henky  B.  Richakdson,  M.   Am.   Soc.  C.  E.  (by  letter). — The  form  jj^.  Ri^ijard- 
in  which  the  question  under  disciission  is  stated  seems  to  imj^ly  some        ^o''- 
disagreement  or  inconsistency  between  theory  and  the  results  of  prac- 
tice in  the  matter  of   levee  building  on  the  Mississip^n  River.     If 
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Mr.  Richard-  there  is  such  thing  as  a  "  Levee  Theory  "  for  the  Mississippi,  it  has 
''*'"■  been  deduced  from  the  practice  and  exi)erieuce  of  four  or  five  genera- 
tions of  the  inhabitants  of  its  alluvial  valley  who  have  been  constantly 
engaged  in  levee  building,  in  reclaiming  the  wilderness  from  savagery 
and  preparing  it  for  cultivation  and  civilization.  The  answer  to  the 
question,  if  left  to  these  people  who  have  had  this  actual  and  imme- 
diate exjjerience  in  "  the  treatment  of  the  Mississippi  River"  would 
be  an  almost  unanimous  "yes." 

The  aim  and  purj)ose  of  levee  building,  everywhere,  is  the  control 
of  floods;  either  to  prevent  destructive  overflow,  or  to  fix  and  pre- 
serve the  channels  through  which  the  water  flows  at  normal  stages. 

Theory  and  practice  alike  agree  that '  the  most  direct  method  for 
confining  the  waters  in  times  of  flood  to  the  path  of  their  ordinary 
flow  is  to  raise  the  banks  of  the  watercourses  to  a  higher  level,  that  is, 
to  build  levees  along  streams  which  are  subject  to  flood  and  overflow. 

A  plan  which  is  supposed  to  contemplate  carrying  this  obvious 
method  to  the  limit  of  completely  confining  all  flood  waters  to  the 
stream  in  which  they  naturally  gather  is  presTimably  what  is  meant  by 
"  the  Levee  Theory  ";  while  a  plan  which  proposes  the  regulation  of 
the  volume  of  discharge  by  impounding  the  surplus  waters  before  or 
after  they  are  concentrated  in  a  single  stream,  or  which  proposes  the 
diversion  of  flood  waters  in  excess  of  a  certain  stage,  or  volume, 
through  auxiliary  channels  or  waste  weirs,  may  be  another  "theory." 
The  levee  plan,  however,  as  far  as  it  has  gone,  has  already  been  the 
subject  of  long  experience;  while  the  impounding  or  reservoir  plan, 
and  the  diversion  or  outlet  plan,  are  still  in  the  theoretical  stage  as 
regards  the  treatment  of  the  Mississippi  River. 

The  undertaking  of  works,  especially  of  great  public  works,  cannot 
be  justified,  if  their  plan  involves  a  violation  of  natural  laws,  nor  if 
their  cost  will  greatly  exceed  the  value  of  the  benefits  expected  from 
them;  nor,  even,  if  the  benefits  in  one  direction  are  too  largely  ofi"set 
by  damages  in  another.  No  man,  for  instance,  can  justly  expect,  by 
any  combination  of  cranks  and  levers,  or  realized  vision  of  wheels,  to 
lift  himself  over  the  moon  by  his  boot  strajjs,  nor  justify  an  investment 
in  the  stock  of  a  factory  to  extract  sunbeams  from  cucumbers;  nor 
prove  the  economy  of  cutting  oflf  his  feet  to  save  shoe  leather. 

But  the  control  of  floods  in  the  Mississipjji,  as  now  practiced  by 
means  of  levees,  has  been  objected  to  as  an  attempt  to  interfere  with 
Nature's  laws.  Poets  and  prophets  are  cited  to  show  the  disasters  that 
must  follow  the  jDrevention  of  overflows,  and  the  necessity  for  irriga- 
tion in  Egypt  is  instanced  as  a  reason  for  condemning  the  application 
of  a  levee  system  to  the  Mississippi. 

It  is  certain  that  in  a  state  of  nature  all  the  alluvial  valley  was 
subject  to  frequent  overflow,  and  that  while  thus  laid  under  water  it 
was  unfit  for  the  habitation  of  man,  for  agriculture,  or  for  most  of  the 
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occupations  and  arts  of  civilized  life.  But  why  it  should  be  a  more  Mr.  Richard- 
heinous  crime  against  Nature — even  in  the  eyes  of  the  prophets — to  re-  ^''"' 
claim  the  wilderness  for  the  uses  of  man  by  preventing  inundation, 
than  to  make  the  desert  fruitful  for  him  by  artificial  storage  and  dis- 
tribution of  surplus  waters,  is  not  apparent  to  the  uninsi^ired  mind. 
Both  of  these  great  undertakings  are  attempts  to  modify  the  course  of 
Nature  as  it  would  proceed  without  the  interference  of  man,  and  have 
been  carried  on  in  one  place  or  another  from  time  immemorial  with 
great  success  and  benefit. 

The  fact  that  the  fertility  and  prosjjerity  of  Egyjat  depend  upon 
overflow  or  irrigation  from  the  Nile  has  little  application  to  the  con- 
dition of  the  alluvial  basins  of  the  Mississippi.  The  valley  of  the  Nile 
below  the  cataracts  is  generally  arid,  and  is  swept  by  the  dry,  hot 
winds  of  the  adjacent  deserts.  In  upper  Egypt  rain  is  almost  unknown, 
and  in  the  delta  north  of  Cairo  it  is  rare  and  scanty.  The  alluvion  of 
the  Mississijipi,  on  the  contrary,  is  bordered  by  an  amply  watered  and 
timbered  territory,  and  receives  a  copious  and  well-distributed  rain- 
fall. Although  irrigation  is  often  beneficial,  and  always  necessary  for 
the  cultivation  of  rice,  it  is  readily  obtained  by  gravitation  during  the 
high-water  season,  and  by  pumjiing  at  other  times.  But  agriculture, 
here,  suffers  more  freiiuently  from  the  ground  being  too  wet  than  from 
being  too  dry.  Drainage  and  protection  from  overflow  are  the  greatest 
needs  for  the  successful  cultivation  of  the  soil. 

The  contention  that  the  bed  of  the  Mississippi  is  filling  up  with 
sedimentai'y  deposits,  and  thus  becoming  a  less  efficient  channel  for 
the  discharge  of  its  flood  waters,  and  for  the  needs  of  navigation,  is 
not  borne  out  by  the  experience  of  navigators,  nor  by  the  results  of 
the  innumerable  direct  measurements  that  have  been  made  in  the  sur- 
veys of  the  river.  Those  parts  of  the  stream  where  levees  have  been 
longest  and  most  efiectively  maintained,  have  the  best  and  most 
capacious  channels.  If  it  were  true  that  the  bed  of  the  river  is  silting 
up,  it  would  still  remain  to  be  shown  and  explained  how  and  why  the 
levees  have  had  anything  to  do  with  it,  except  as  a  preventive. 

It  is  said  that  in  its  natural  condition  the  flood  waters  overflowing 
the  river  banks  deposited  their  silt  on  the  adjacent  lands,  greatly  to 
their  enrichment  and  improvement,  which  is  true  enough;  but  the 
inference  that  the  silt  thus  deposited  on  the  land  would  have  been 
thrown  down  on  the  bed  of  the  river  had  the  flood  waters  not  been 
permitted  to  escajoe,  is  not  even  plausible.  From  what  natural  law 
■can  it  follow  that  a  stream  of  sediment-bearing  water  with  a  volume 
of,  say,  1  000  000  cu.  ft.  per  second  should  fail  to  deposit  silt  in  its 
channel,  but  that  when  increased  in  volume  by  50%,  or  more,  it  must 
at  once  begin  to  drop  its  burden  all  along  the  road?  If  the  stream 
were  an  ox  or  an  ass,  one  might  comprehend  it;  but,  in  a  river,  it 
seems  not  contrary  to  natural  laws  that  the   larger  the  volume — other 
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Mr.  Richard-  things  being  the  same — the  more  silt  it  will  be  able  to  carry.  The  ex- 
perience of  anyone  familiar  with  the  Lower  Mississippi  River  should 
show  that  when  it  is  in  flood  it  generally  carries  its  heaviest  load  of 
silt  per  unit  of  volume.  When  the  discharge  is  greatest,  the  water  is 
always  muddy,  and  when  it  is  least,  the  lower  river  is  usually  com- 
jiaratively  clear. 

But  will  the  cost  of  a  levee  system  on  the  Mississippi  be  a  profitable 
financial  investment?  If  the  game  is  not  worth  the  candle,  it  has  no 
economic  justification.  The  area  of  the  alluvial  valley  subject  to  over- 
flow south  of  Cape  Girardeau  is  reckoned  at  29  790  sq.  miles,  or,  say, 
more  than  19  000  000  acres.  Making  the  very  moderate  assumj^tion  that 
only  one-half  of  this  area  will  be  made  to  yield  agricultural  products, 
when  protected  from  overflow,  to  the  value  of  only  ^1  -per  acre  }ier 
annum,  in  excess  of  what  it  would  have  yielded  without  such  protec- 
tion, there  would  be  gained  a  yearly  revenue  sufficient  to  pay  S% 
interest,  ijIus  2^%  for  maintenance,  on  an  investment  of,  say,^ 
^175  000  000;  which  is  nearly  ten  times  the  estimated  amount  now 
required  to  complete  the  levee  system.  Considering  that  the  land  is 
practically  worthless  as  a  source  of  agricultural  profit  when  not  iiro- 
tected  from  overflow,  and  that  when  so  protected  it  ranks  among  the 
richest  and  most  fertile  in  the  world,  there  can  be  no  question  as  to 
the  profitable  results  that  must  follow  its  protection. 

The  man  who  lives  and  carries  on  his  business  in  the  low  lands 
behind  a  levee  is  subject  to  a  kind  of  danger  which  does  not  threaten 
those  who  live  on  the  hills,  and  "they  that  go  down  to  the  sea  in 
ships  "  incur  perils  impossible  to  the  man  who  keeps  ashore.  But 
ship  building,  and  ocean  travel  and  commerce,  will  not  cease  because 
a  few  vessels  are  foundered  or  wrecked,  nor  will  levee  building  be 
abandoned  because  of  occasional  crevasses  and  overflows;  for  ship 
building  and  levee  building  appear  to  be  equally  justified  by 
exjjerience. 

The  dual  or  multiple  channel  theory  of  treating  the  Mississiisjii 
River,  which  proposes  to  divide  it  into  two  or  more  parallel  streams, 
would  increase  immensely  the  length  and  quantity  of  levee  construc- 
tion necessary  to  prevent  overflow,  because  the  diverted  streams  must 
flow  in  channels  bordered  by  very  much  lower  land  than  that  near  the 
banks  of  the  main  river.  Moreover,  if  the  present  drainage  channels 
are  to  be  occupied  by  the  diverted  flood  waters,  other  channels  must 
be  made  to  drain  away  the  seepage  and  rain  water.  The  cost  of  such  a 
system,  even  if  it  were  possible  of  application,  would  ajjparently 
prohibit  it.  The  experience  with  even  such  leveed  outlets  as  exist,  or 
have  existed,  although  their  natural  banks  are  high,  has  been  that 
larger  and  larger  levees  have  been  required  to  j^revent  their  overflow; 
so  that  Bayou  Plaquemines  was  closed  forty  years  ago,  and  most  prac- 
tical observers  are  now  convinced  that  the  enormous  outlay  required 
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to  keep  up  levees  on  Bayou  Lafourche  would  better  have  been  ex-  Mr.  Riehard- 
pended  on  the  levees  of  the  Mississippi,  aud  that  this  bayou  also  should 
be  closed,  so  that  the  levee  funds  now  required  there  may  be  made 
available  for  work  on  the  levees  of  the  main  river. 

The  deficiencies  and  imperfections  of  an  iinfinishcd  structure  do 
not  justify  condemnation  of  the  theory  upon  which  it  is  designed. 
The  levee  system  of  the  Mississippi  is  still  far  from  completion,  and, 
like  other  works  in  progress,  must  suffer  its  share  of  reverses  and  ac- 
cidents, and,  for  the  time  being,  fail  to  supjsly  the  full  measure  of 
benefit  expected  from  it. 

There  are  doubtless  many  defects  in  the  existing  levee  systems, 
some  of  them  hidden  or  unknown,  and  others  plainly  evident;  but  it 
is  not  unreasonable  to  expect  that,  in  the  process  of  time,  the  con- 
cealed faults  and  dangers  may  manifest  themselves,  and  be  eliminated 
as  the  work  of  improvement  in  grade,  section  and  location  progresses. 

To  say  that  "  the  river  by  breaching  its  ramj^arts  with  each 
successive  flood  enters  its  solemn  and  devastating  protest  against  in- 
terference with  the  designs  of  Nature,"  is  a  figure  of  speech  quite  as 
applicable  to  the  locomotive  of  a  consti'uction  train  that  jumps  the 
rails  of  an  unfinished  railway,  and  should  be  equally  convincing  in 
either  case. 

Some  of  the  criticisms  as  to  faulty  location  may  possibly  arise  from 
imperfect  knowledge  of  the  sitiiation.  Fig.  4,  which  shows  the  align- 
ment of  levees  for  some  200  miles  above  Vicksburg,  may  give  erroneous 
ideas  to  one  not  familiar  with  the  actual  topography.  The  succession 
of  lakes  and  gorges  that  might  be  inferred  from  the  figure  does  not 
exist  in  fact,  as  far  as  the  channel  of  the  river  is  concerned.  The  ex- 
cessively wide  places  between  levees  are,  in  almost  every  case,  covered 
with  trees  and  underbrush,  and  frequently  have  levees— not  shown  in 
the  figure — that  prevent  flow  except  along  the  course  bounded  by  the 
natural  banks  of  the  river.  The  places  where  levees  on  either  side  are 
close  together  are  not  gorges  in  the  sense  of  confining  the  current  to 
materially  narrower  limits  than  it  occupies  in  the  wider  places.  The 
path  of  the  principal  current,  both  at  high  and  low  stages,  lies  within 
the  tract  shown  by  water  lines  on  the  figure.  An  examination  of  the 
ground  would  probably  indicate  to  anyone  that  the  setting  back  of 
levees  at  the  so-called  gorges  would  make  little  difference  in  the 
capacity  of  the  channel  for  carrying  or  discharging  its  flood  waters. 

Whether  or  not  experience  with  tubes  of  3  mm.  diameter — or  even 
with  those  of  such  large  diameter  as  11  mm. — can  justify  a  theory  for 
the  treatment  of  a  stream  like  the  Mississippi  Kiver  may  be  question- 
able; but  it  is  a  question  which,  jjerhaps,  may  best  be  left  for  future 
discussion  by  the  Society. 

T.  G.  Dabnex,  Esq.  (by  letter). — The  writer,  having  been  invited  Mr.  Dabney. 
to  contribute  to  this  discussion,  will  support  the  aflSrmative  view  of 
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Mr.  Dabney.  the  proposition,  and  confine  his  remarks,  mainly,   to  making  a  par- 
tial review  of  the  arguments  ofi'ered  by  Professor  Haupt. 

The  first  impression  made  by  a  perusal  of  Professor  Haupt's  dis- 
cussion is  that  it  has  the  character  of  abstract  reasoning,  rather  than 
the  application  of  practical  rules  to  a  practical  problem;  betraying  a 
lack  of  the  sijecific  kind  of  information  concerning  the  objects  dis- 
cussed, that  can  only  be  acquired  by  personal  and  practical  contact 
therewith;  which  sort  of  information  constitutes  a  part  of  the  neces- 
sary eqiiiijment  for  an  intelligent  treatment  of  the  subject  under  con- 
sideration. 

Thus,  a  perfect  analogy  is  assumed,  by  Professor  Haupt,  to  exist 
in  the  conditions  requiring  engineering  treatment  in  the  Valley  of  the 
Nile,  and  those  that  obtain  in  the  Lower  Mississippi  Valley;  whereas 
no  such  analogy  exists.  On  the  contrary,  the  Nile  Valley,  being  an 
almost  rainless  region,  requires  the  conservation  of  the  annual  flood 
waters,  for  the  ijurjjose  of  irrigation,  as  a  sine  qua  non  to  agricultural 
success;  whereas,  the  Mississippi  alluvial  plain,  having  an  abundance 
of  rainfall,  is  burdened  with  the  necessity  of  excluding  the  annual 
overflow  from  the  land,  as  equally  necessary  for  agricultiiral  success. 
Likewise,  a  similarity  of  controlling  conditions  is  assumed,  between 
the  Yellow  River,  of  China,  and  the  Lower  Mississippi;  and  the  un- 
wisdom of  leveeing  the  latter  stream  is  sought  to  be  established  by 
the  statement  that  three  millions  of  Chinese  were  drowned  at  onetime 
by  the  breaking  of  the  Yellow  River  levees. 

The  fact  that  no  human  life  has  ever  been  lost  as  a  direct  effect  of 
a  breach  in  the  Mississippi  levees  is  sufficient  disproof  of  analogy  in 
these  cases. 

Professor  Haujjt  favors  the  establishment  of  large  reservoirs  in 
various  parts  of  the  alluvial  valley,  to  arrest  and  restrain  portions  of 
the  flood  water,  and  so  lower  the  flood  plane.  Here,  again,  is  assumed 
the  existence  of  extensive  areas  of  low  dejjression  susceptible  of  being 
segregated  into  reservoir"  spaces  by  a  simjile  system  of  subsidiary 
levees.  But  such  extensive  areas  do  not  exist;  and  any  plan  for  the 
establishment  of  restraining  reservoirs  must  involve  the  sacrifice  of  a 
great  extent  of  valuable  proj^erty,  as  well  as  an  exceedingly  comj^lex 
and  costly  system  of  interior  levee  lines,  traversing  numerous  large 
drainage  channels;  with  such  an  array  of  costly  and  complicated 
features  as  to  condemn  such  a  scheme  as  utterly  imj^racticable,  in  the 
eyes  of  those  who  have  a  practical  knowledge  of  the  situation. 

Professor  Haupt  attaches  great  valiie  to  the  use  of  "  outlets  "  as  a 
means  of  depleting  the  flood  volume  of  the  Mississippi,  and  complains 
that  such  means  of  relief  have  never  been  tried.  Reference  is  here 
made  to  the  conditions  prevailing  in  the  Atchafalaya  River,  about  15 
or  20  years  ago,  when  a  movement  was  set  going,  of  the  rapid  enlarge- 
ment of  its  channel,  that  threatened  soon  to  divert  the  greater  part  of 
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tlie  volume  of  flow  from  the  Mississippi  by  tbafc  route  to  the  Gulf.  Mr-  Dabney. 
The  Atchafalaya,  being  one-half  the  length  of  the  main  channel  below 
the  point  of  divergence,  a  greatly  increased  volume  of  flow  through  it 
should  at  once  set  in  motion  agencies  for  flattening  the  flood  slojae, 
or,  in  other  words,  of  lengthening  its  channel.  This  could  only  be 
accomplished  with  requisite  celerity  by  assuming  a  more  serpentine 
form,  through  the  agency  of  enormously  active  attacks  upon  its  banks, 
resulting  in  great  destruction  of  property  and  a  chaotic  condition  of 
the  navigated  channel. 

These  destructive  agencies,  which  had  begun  to  assert  themselves 
at  the  period  named,  and  created  much  alarm,  were  arrested  by  the 
timely  application  of  costly  revetment  and  channel  sills  in  the  head 
of  the  Atchafalaya,  and  these,  since  then,  have  been  maintained  by 
constant  and  careful  attention,  by  the  Mississippi  Eiver  Commission. 

How  far  it  may  be  wise  or  prudent  to  set  iip  similar  conditions  else- 
where, by  deliberate  design,  with  all  the  risks  and  hazards  involved, 
for  the  partial  and  problematical  relief  to  be  expected  to  result,  must 
be  left  for  determination  by  the  body  of  able  experts  appointed  by 
the  United  States  for  that  purpose. 

Having  touched  lightly  upon  the  foregoing  heads  in  Professor 
Haupt's  discussion,  their  further  consideration  here  is  dismissed,  as 
that  ground  has  already  been  fully  covered  by  other  discussors  of  this 
topic. 

The  remainder  of  this  discussion  is  to  be  devoted  to  the  discussion 
of  levees,  as  the  more  especial  object  to  be  treated  here. 

Professor  Haupt  objects  to  the  system  that  has  been  adopted,  of 
confining  the.  flood  water  of  the  Mississippi  to  its  channel  by  means 
of  levees  built  along  its  banks,  for  the  following  reasons,  as  deduced 
from  his  discussion. 

1. — It  is  assumed  that  leveeing  the  river  must  result  in  raising  its 
bed,  with  the  consequent  necessity  of  raising  levee  grades  perpetu- 
ally to  meet  perj^etually  increasing  flood  elevations. 

2. — Increased  rate  of  bank  caving  in  the  bends,  as  a  consequence 
of  confining  the  floods  between  levees,  must  involve  the  danger  of 
crevasses  occurring  in  the  levee  lines  during  the  prevalence  of  floods, 
from  breaches  due  to  the  engulfment  of  portions  of  the  levees  by 
caving  into  the  river. 

3. — The  erosive  action  of  the  current  is  assumed  to  be  greatly  in- 
creased by  the  irregularity  of  cross-section  due  to  varying  distances 
between  the  opposing  lines  of  levees. 

4. — Nature's  process  of  filling  up  the  low  grounds  in  the  alluvial 
plain  by  deposit  from  the  overflow  water,  is  interrupted  by  confining 
all  the  flood  water  to  the  channel. 

5. — The  danger  to  the  inhabitants  and  their  property,  lying  under 
the  protection  of  the  levees,  is  assumed  to  be  increased  greatly  as  a 
result  of  higher  levees  and  increased  depth  of  water  against  them. 
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Mr.  Dabney.        Taking  up  this  catalogue  of  objections  to  the  levee  principle  in 
reverse  order,  Objection  5  is  first  to  be  considered. 

Professor  Haupt  enters  a  sweej^ing  condemnation  of  tlie  "Levee 
Theory"  in  tlie  expression  with  which  his  discussion  opens: 

"This  query  recurs  with  each  successive  high  flood,  and  the  river 
enters  its  solemn  and  devastating  protest  by  breaching  its  ramparts 
and  distributing  its  surplus  where  Nature  designed  it  to  be  deposited." 

The  inference  to  be  drawn  is  that  the  levees  have  failed  to  afford 
any  protection  to  the  lands  that  are  dependent  upon  them.  And  yet 
Professor  Haupt  shows  that  the  levees  at  Carrollton  carried  a  flood  in 
1897  that  was  4.2  ft.  higher  than  that  of  1828.  Evidently,  that  "  sur- 
plus" was  not  "distributed,"  "  where  Nature  designed." 

It  may  be  remarked  here  that  those  persons  who  live  outside  of  the 
so-called  Mississippi  "delta,"  and  have  no  personal  familiarity  with 
the  subject,  probably  receive  very  exaggerated  impressions  as  to  the 
magnitude  of  the  disasters  resulting  from  crevasses  in  the  levees, 
from  the  overwrought  and  highly  sensational  accounts  of  these  situa- 
tions contained  in  the  newspapers  as  current  news.  These  accounts 
are  usually  made  as  sensational  as  the  ingenuity  of  rival  reporters  can 
devise,  and  generally  exceed  the  truth  greatly  in  their  portrayal  of  the 
evils  of  overflows. 

The  great  flood  of  1897  was  heralded  abroad  in  such  terms  that 
outsiders  were  led  to  believe  that  the  entire  alluvial  country  was  inun- 
dated. But  Major  H.  B.  Richardson,  Chief  Engineer  of  the  Louisiana 
State  Board,  rejjorted  that,  with  his  1  072  miles  of  levee  lines  exposed 
to  the  attacks  of  the  flood,  of  the  large  territory  dependent  upon 
them,  85  %"  of  the  gross  area  was  protected,  and  a  still  larger  propor- 
tion of  the  cultivated  area.  Of  the  7  000  sq.  miles  of  territory  in  the 
Yazoo  Basin,  two-thirds  were  protected  from  overflow  by  the  levees 
in  1897.  Of  the  thirty-eight  or  forty  crevasses  which  occurred  during 
that  flood,  three-fourths  of  them  were  in  the  levees  on  the  St.  Francis 
and  White  River  fronts,  where  the  levees  were  then  in  an  embryonic 
stage,  and  wholly  inadequate  to  afford  any  jirotection  against  a  great 
flood.  In  the  flood  of  1903,  with  only  half  a  dozen  crevasses,  all  told, 
the  measure  of  i^rotection  afforded  by  the  levees  was  much  greater 
than  in  any  former  flood  year. 

The  "  three-mile  wide  "  crevasse,  which  occurred  near  Greenville, 
Miss,  (in  fact,  less  than  3  900  ft.  wide),  overflowed  less  than  10%  of 
the  protected  area  in  the  Yazoo  Basin.  The  extent  of  inundated  ter- 
ritory, in  this  case,  was  increased  by  the  local  topography,  the  escaj)- 
ing  water  being  confined  to  a  trough  10  to  15  mile?  wide,  limited  on 
the  eastern  side  by  the  high  banks  of  Deer  Creek,  which  extend 
southward,  parallel  to  the  Mississipjji,  to  the  foot  of  the  basin. 

The  fact  has  been  demonstrated  re^ieatedly  that  generally,  with  a 
single   crevasse   in  an  extent   of  levea  line  of  100  or  200  miles,  the 


DISCUSSION    ON    LEVEES    OF    MISSISSIPPI    RIVER.  393 

natural  cliannels  in  the  interior  of  the  country  are  able  to  carry  the  Mr.  Dabney. 
escaping  water  with  only  local  effects  of  inundated  lands. 

With  increased  flood  elevations  and  greater  depths  against  the  levees, 
the  volume  of  escaping  water,  of  course,  must  be  greater,  and  the 
local  effects  proportionably  extended.  The  imj^lied  danger  to  human 
life  may  be  dismissed  as  wholly  visionary,  as  no  instance  has  yet  come 
to  the  knowledge  of  the  writer,  in  an  exi^erience  of  more  than  thirty 
years  with  levees  and  overflows,  in  which  a  hiiman  life  was  lost  as  the 
direct  effect  of  a  crevasse. 

Objection  4,  in  the  list  of  Professor  Haupt's  objections,  is  to  be 
considered  in  connection  with  Objection  1,  and  Objection  3  will  now 
be  taken  up. 

To  this  it  may  be  said,  the  influence  of  the  irregularity  of  width 
between  oi^posing  levee  lines  is  believed  to  be  unduly  magnified,  both 
by  Professor  Haupt  and  others  who  have  expressed  themselves  on 
that  subject. 

The  volume  of  water  which  flows  outside  of  the  channel,  between 
the  levees  is  inconsiderable,  as  compared  with  the  main  volume  of 
flow  in  the  channel. 

The  foreshores,  between  the  levees  and  river  banks,  are  covered 
during  flood  stages  by  a  relatively  shallow  expanse  of  water,  the  flow 
of  which  is  impeded  by  the  friction  of  a  rough  surface  encumbered 
with  a  growth  of  grass,  weeds,  vines,  ti'ees,  and  a  variety  of  obstruc- 
tions, so  that,  for  the  most  part,  there  is  little  or  no  movement  in  this 
body  of  water,  except  in  certain  localities  where  the  flow  is  across  the 
neck  of  a  peninsula,  from  the  upper  to  the  lower  end  of  a  "  bend  "  in 
the  river,  with  a  shortened  distance.  In  these  situations,  violent  cur- 
rents are  developed,  genei-ally  near  the  confining  levee  lines,  the  only 
effect  of  which  is,  in  some  cases,  to  menace  the  levee  itself  by  direct 
erosion,  against  which  special  precautions  are  taken  at  such  points. 

There  is  also  some  local  aberration  of  the  high- water  plane,  due  to 
this  cause,  which  has  to  be  taken  account  of  in  adjusting  levee  grades. 
But  the  suggestion,  that  the  water  which  is  confined  by  the  levees 
outside  of  the  river  channel  exerts  any  influence  in  accelerating  the 
caving  of  the  banks,  seems  entirely  fanciful  and  groundless.  An 
ideal  location  for  confining  levee  lines,  would  be  very  near  to,  and 
paralleling,  the  banks  of  the  river  throughout  all  of  the  sinuosities 
of  the  bends,  if  it  were  practicable  to  maintain  them  in  such  location, 
which  should  prevent  the  development  of  local  currents  and  abnormal 
flood  slojies. 

Objection  2  attaches  importance  to  accelerated  caving  as  a  result 
of  leveeing  the  river,  chiefly  because  of  assumed  danger  of  breaches  in 
the  levee  line  in  consequence  of  such  caving. 

These  breaches  have  occurred  and  will  continue  to  occur,  but  are 
always  foreseen  in  time  to  cover  the  threatened  jjoint  by  a  new  line  of 
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Mr.  Dabney.  levee,  built  in  advance  of  tlie  catastrophe,  on  a  more  retired  location. 
The  danger  suggested  by  Professor  Haupt,  that  such  a  breach  may 
occur  without  warning  and  at  a  time  when  the  flood  water  may  pour 
through  it,  is  wholly  imaginary. 

The  statement  that  the  caving  goes  on  at  the  average  rate  of  9  acres 
per  annum  for  each  mile  between  Cairo  and  the  mouth  of  Red  River, 
is  in  error  as  to  the  extent  of  teri-itority  to  which  it  applies.  The 
maximiim  rate  of  caving  is  along  "the  middle  third"  of  the  lower 
river;  that  is,  between  the  mouth  of  the  Arkansas  and  the  mouth  of 
Red  River.  Above  the  former  point  the  caving  is  much  less;  and  below 
Red  River  it  is  almost  nothing.  Still,  Professor  Haiapt's  argument,  if 
sound,  should  apply  to  this  "  middle  third.' 

It  seems  to  be  true  that  leveeing  the  river  has  had  the  effect  of 
increasing  the  energy  of  the  caving  agencies,  a  result  which  should 
naturally  follow  from  the  effoi't  of  Nature  to  enlarge  the  channel  in- 
order  to  accommodate  a  larger  volume  of  water.  This  increased 
energy,  however,  is  exerted  on  the  bottom  as  well  as  the  sides  of 
the  channel,  tending  to  increase  both  of  its  dimensions.  But  this 
absolute  enlargement  of  the  channel  by  widening  and  deepening 
involves  but  a  moderate  excess  over  the  normal  extent  of  caving,  and 
Professor  Haupt  seems  to  lose  sight  of  the  fact  that  a  disj)lacement 
of  material  by  caving  in  one  bend  only  makes  room  for  the  deposit  of 
the  displaced  material  from  the  bend  above,  which  brings  this  dis- 
cussion to  a  consideration  of  Professor  Haupt's  objection  "in  chief,"^ 
No.  1,  to  wit,  the  assumption  that  the  filling  up  of  the  river's  bed 
must  ensue  from  the  confinement  of  its  flood  water. 

The  more  technical  treatment  of  this  question  has  been  well 
covered  by  other  discussors,  and  this  disciission  will  deal  with  only 
the  broader,  and  in  some  degree  speculative,  asjjects  of  the  question. 

It  may  be  joostulated  that,  in  any  stream,  Avhether  it  be  silt-bear- 
ing or  other  kind,  Nature  makes  an  effort  to  build  for  it  a  channel  com- 
mensurate W'ith  the  volume  of  water  to  be  carried;  and  conversely,  in 
the  case  of  a  silt-bearing  stream,  if  the  volume  of  water  is  lessened  to 
a  marked  extent,  a  contraction  of  its  channel  capacity  should  follow. 
This  is  exemplified  in  the  Mississippi  between  Cairo  and  Helena.  In 
this  section,  for  many  years  past,  perha^js  since  the  seismic  convul- 
sion of  1811,  about  one-third  of  the  flood  volume  of  the  river  has  been 
diverted  from  the  main  river,  and  carried  through  lateral  channels 
around  the  western  margin  of  the  St.  Francis  Basin  to  a  junction  with 
the  parent  stream  near  Helena.  Here,  a  case  is  i3resented  of  depleted 
flood  volume  followed  by  a  contraction  of  channel  capacity.  If  a 
straight  line  be  drawn  from  low  water  at  Cairo  to  low  water  at  Helena, 
it  is  found  to  pass  from  12  to  14  ft.  under  the  low-water  plane  at  in- 
tervening points.  Prior  to  the  leveeing  of  the  Upper  St.  Francis 
Front,  the  oscillation  of  the  river  at  Memjihis,  from  low  water  to  high 
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water,  is  recorded  as  35^  ft. ,  while  at  Cairo  it  was  approximately  52  Mr.  Dabney. 
ft.,  and  at  Helena  approximately  48  ft.  Now,  when  the  entire  flood 
volume  shall  have  been  confined  to  the  channel  by  levees,  and  con- 
ducted by  Memphis,  it  may  be  inferred  that,  after  normal  conditions 
are  established,  Memphis  will  have  approximately  the  same  oscillation 
as  Cairo,  that  is,  about  52  ft.  between  low  and  high  water.  A  supei*- 
ficial  reasoner  would  jump  to  the  conclusion  that  the  flood  elevation  at 
Memphis  must  go  at  once  to  52  ft.  on  the  gauge.  But  it  is  demonstra- 
ble that  the  highest  gauge  reading  at  Memphis  will  be  ultimately 
about  10  ft.  lower  than  that  at  Cairo.  So  that,  to  develop  at  Mem- 
phis the  same  range  of  flood  plane  movement  as  obtains  at  Cairo,  the 
Memphis  low-water  plane  must  be  lowered  about  10  ft.  from  the  old 
elevation;  and  this  development  will  probably  ensue  in  the  process 
of  establishing  a  permanent  regimen  of  the  river  between  Cairo  and 
Helena  under  the  changed  conditions  to  result  from  concentrating  the 
whole  flood  volume  in  the  main  channel;  which  can  result  only  by  a 
depression  of  the  general  plane  of  the  river  bed  between  those  points. 

This  process,  of  lowering  the  low-water  plane,  has  already  been 
observed  in  operation  in  other  localties  along  the  river,  to  a  less  de- 
gree, where  the  demands  for  such  a  change  were  not  as  great  as  the 
conditions  at  Memphis  and  points  above  present. 

In  the  discussion,  by  Humphreys  and  Abbot,  of  the  efl'ect  of  de- 
pleting the  flood  volume  by  water  escaping  through  a  crevasse,  it 
appears  to  the  writer  that  the  data  which  served  as  the  basis  of  the 
discussion  were  much  too  meager  to  justify  the  weighty  and  sweeping 
conclusion  arrived  at  by  them. 

Their  observations  were  restricted  to  a  single  isolated  crevasse,  the 
Bonnet  Carre;  and,  in  the  opinion  of  the  writer,  a  magnified  value 
is  attached  to  the  figures  which  represent  the  results  of  channel  and 
velocity  measurements,  under  conditions,  and  with  appliances,  which 
should  demand  a  considerable  allowance  as  a  margin  of  error.  But, 
it  should  also  be  noted  that  these  observations  were  made  in  a  part  of 
the  river  where  no  heavy  matter  is  carried  in  suspension  by  the  cur- 
rent, but  only  the  fine  and  light  matter,  which  does  not  respond 
promptly  to  agencies  tending  to  produce  precipitation. 

If  observations  of  such  a  character  had  been  made  by  them  in  the 
upper  division  of  the  river,  where  great  masses  of  heavy  sand  are 
picked  up  by  the  current,  carried  a  few  miles  and  dropped,  by  a  con- 
stant and  rapidly  recurring  process  during  flood  stages,  it  seems  cer- 
tain that  the  results  of  such  observations  would  have  been  quite 
different. 

It  is  the  belief  of  the  writer  that  a  fallacy  lies  at  the  bottom  of  all 
the  sijeculative  theories  on  the  question  of  the  vast  capabilities  of 
the  MississijDpi  for  building  up  its  alluvial  plain  by  the  deposition  of 
sedimentary  material. 
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Mr.  Dabney.  lu  considering  this  subject,  it  seems  to  be  generally  assumed  (1) 
that  the  great  mass  of  material  that  occupies  the  "Mississippi  embay- 
ment,"  as  it  is  now  found,  is  of  alluvial  character,  and  (2)  that  the 
Mississippi  of  to-day,  as  it  is  now  known,  is  the  sole  agency  by  which 
this  mass  of  alluvion  was  brought  there  and  placed  in  position. 

For  the  first  assumption,  it  may  be  stated  that  it  has  been  ex- 
ploded by  the  researches  of  geologists.  Without  attemjiting  here  to 
go  into  the  details  of  these  researches,  it  is  sufficient  to  say  that  the 
bed  of  the  Mississippi  is  not  in  an  alluvial  formation  of  its  own  crea- 
tion, but  lies  below  the  alluvion,  having  cut  its  way  down  into  the 
underlying  tertiary  strata,  so  that  it  cannot  be  regarded,  from  that 
point  of  view,  as  is  generally  assumed,  as  being  "the  architect  of  its 
own  fortunes."  The  alluvion,  then,  is,  comparatively  speaking, 
superficial,  both  in  its  position  and  in  its  quantity. 

Again,  the  MississipjDi,  as  it  is  now^  seen,  is  generally  assumed  to 
be  the  agent  by  which  this  alluvion  was  brought  and  laid  down 
where  it  uow  rests,  overlying  the  tertiary  to  a  depth  of  some  30  to 
perhaps  more  than  100  ft.,  throughout  this  alluvial  region;  and  that 
the  same  agencies  should  continue  to  ojjerate  in  the  same  manner, 
continually  building  up  the  alluvial  plain  at  the  same  rate,  and 
mferentially  the  river's  bed  along  with  it,  if  not  interfered  with  by 
the  hand  of  man  in  preventing  the  invasion  of  the  interior  i-egions  by 
the  overflow  water. 

These  assumptions  are  believed  by  the  writer  to  be  erroneous. 
Throughout  the  alluvial  valley  of  the  Mississippi,  at  least  in  its  upper 
half,  there  is  generally  to  be  found,  a  few  feet  below  the  surface,  very 
extensive  and  thick  masses  of  heavy  sand,  with  gravel  intermixed, 
some  of  the  latter  being  as  lai'ge  as  goose  eggs.  From  what  is  now 
seen  of  the  river's  potency,  as  a  carrier  of  heavy  matter,  it  seems  en- 
tirely too  feeble  to  account  for  the  presence  of  these  extensive  deposits 
of  such  material,  which  have  been  conveyed  many  hundreds  of  miles 
in  large  masses,  and  laid  down  in  strata  many  feet  thick.  The  work 
of  transportation  of  such  matter  by  the  Mississippi  which  is  now  seen 
going  on,  is  simply  the  tearing  down  of  these  deposits  by  the  caving 
of  its  banks  and  eroding  its  bars,  carrying  it  a  few  miles  and  droj)ping 
it  again,  lacking  sufficient  energy  to  transport  it  any  further.  The 
overflow  water  escaping  over  the  unleveed  banks  drops  this  heavy 
sediment  in  the  immediate  vicinity  of  the  river,  carrying  none  of  it 
into  the  interior  swamps. 

Any  one  familiar  with  overflows  in  the  alluvial  valley  must  have 
noted  that  in  the  depressions,  even  a  few  miles  from  the  river,  after 
they  have  been  filled  with  river  water  for  a  whole  flood  period,  there 
is  no  visible  evidence  of  any  deposit  having  been  left  by  the  water. 
The  larger  trees,  which  have  been  standing  in  the  low  swamps  for  cen- 
turies, bear  no  apparent  evidence  about  their  roots  of  any  deposit 
from  the  overflow  water. 
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The  suggestion  is  stroDg,  that  whatever  heavy  matter  is  brought  Mr.  Dabney. 
into  the  river  channel  at  the  head  of  the  alluvial  basin,  or  by  the 
tributaries,  is  a  mei'e  local  shifting  of  material,  taking  the  place  of 
other  material  which  has  been  displaced  recently  by  caving  and 
erosion,  to  be  carried  a  few  miles  further  down  stream.  This,  of  course, 
should  result  in  a  general  down-stream  progression  of  this  heavy 
matter,  the  extent  of  which  movement  is  to  be  measured  by  the 
invasion  of  the  upper  reach  of  the  flat-slope  channel  in  the  vicinity  of 
Ked  River  by  the  shoal -making  deposits  of  sand,  and  thereby  extend- 
ing the  steep-slope  characteristic  of  the  river  above  into  the  flat-slope 
division  of  the  channel. 

Professor  HaujDt  assximes  that  with  an  unleveed  river  this  incre- 
ment of  heavy  matter  is  carried  over  the  banks  and  into  the  outlying 
depressions;  and  that  with  a  leveed  channel  it  must  logically  be 
deposited  in  the  river's  bed.  The  suggestion  here  offered  is,  that 
there  is  but  little  increment  of  heavy  matter,  of  a  jiurely  local 
character,  that  takes  its  place  in  the  slow  procession  of  downward 
shifting  bank  cavings;  and  that  the  true  increment,  of  tine  and  light 
matter,  is  conveyed  by  the  current  all  the  way  to  the  Gulf,  and  there 
serves  to  extend  and  elongate  the  channel  that  the  river  is  really 
building  for  itself  out  into  salt  water. 

The  deposit  at  the  mouth  of  the  river  contains  no  heavy  silt,  but 
only  the  finely  comminuted  particles  that  are  siisceptible  of  being 
transported  by  the  current  to  great  distances.  Thus,  in  1877,  soon 
after  the  jetties  in  South  Pass  were  completed,  an  effort  was  made  to 
extend  the  lines  so  as  to  embrace  the  newly  formed  bar  outside.  The 
effort  was  defeated  by  the  exceeding  softness  and  instability  of  the 
bar  formation;  as  expressed  by  the  superintendent  of  the  work  to  the 
writer,  the  piles  and  other  materials  attempted  to  be  used,  "  all  went 
out  of  sight,"  in  the  soft  mud. 

The  question  now  presents  itself,  by  what  agency  was  the  alluvion 
that  overlies  the  alluvial  valley  transported  from  the  hilly  country 
to  the  north  if  not  by  the  present  Mississippi  River  ? 

The  suggestion  is,  that  at  a  period  antedating  the  birth  of  the 
present  river,  great  floods  of  glacial  water,  liberated  by  the  melting  of 
the  ice  cap  that  reached  down  a  good  way  south  of  the  region  of  the 
Great  Lakes,  flowed  down  through  the  "Mississippi  embayment" 
with  vastly  greater  energy  than  is  now  seen  displayed  by  the  river, 
carrying  with  it  the  grist  from  the  glacial  mills,  in  the  form  of  sand, 
gravel,  and  clay,  and  laid  down  the  great  masses  of  such  matter  that 
are  now  found  there.  It  is  certain  that  at  a  time  not  very  remote, 
geologically  speaking,  a  broad  channel,  through  which  now  flows  the 
Des  Plaines  and  Illinois  Rivers,  extended  from  Lake  Michigan  down 
into  the  Mississippi  Valley,  through  which,  as  made  evident  by  ancient 
shore  line  terraces,  now  high  up  on  the  sides  of  the  valleys,  a  great 
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Mr  Dabney.  volume  of  water  flowed  southward  through  the  Mississippi  ernbay- 
ment  into  the  Gulf  of  Mexico. 

It  is  to  be  inferred  that  the  present  Mississippi  River  is  the  de- 
generate progeny  of  a  much  greater  parent  stream  ;  and  that  the  vast 
extent  of  work  of  transporting  material  to  fill  up  the  alluvial  valley, 
that  is  attributed  to  this  progeny,  was  really  the  work  of  its 
predecessor. 

Some  idea  of  the  limitation  of  capacity  of  the  Mississippi  for  build- 
ing up  its  alluvial  plain  may  be  had  from  the  progress  made  in  filling 
up  cut-oif  bends.  Three  examj^les  may  be  noted  here:  Horn  Lake,  on 
the  boundary  between  Mississippi  and  Tennessee  ;  Flour  Lake,  oj)- 
posite  the  mouth  of  St.  Francis  Eiver  ;  and  Moon  Lake,  about  6  miles 
below  Helena  ;  all  three  on  the  eastern  side  of  the  river.  Old  maps 
show  that  these  lakes  were  bends  of  the  river,  certainly  as  late  as 
1765;  but  there  is  evidence  that  they  were  converted  into  lakes  by 
"  cut-offs,"  somewhat  more  than  a  century  ago. 

When  such  "  cut-oifs  "  occur,  both  ends  of  the  newly  formed  lake 
fill  uj)  by  a  rapid  jirocess,  after  which  the  filling  of  the  body  of  the 
lake  goes  on  more  slowly.  But  the  conditions  to  promote  a  maximum 
rate  of  silting  up  are  exceedingly  favorable  in  such  situations.  In  the 
three  cases  mentioned  a  large  volume  of  heavily  charged  river  water 
flows  around  through  these  old  channels  during  every  flood  period, 
even  at  moderate  high-water  stages,  excepting  Moon  Lake,  since  the 
flow  has  been  excluded  by  levees. 

These  old  channels,  lying  right  in  the  track  of  the  flood  flow,  with 
several  miles  of  their  extent  at  either  end  occupied  by  timber  and 
brushwood,  would  seem  to  invite  the  most  rapid  rate  of  the  silting-up 
process;  and  yet  a  large  extent  of  all  three  of  these  lakes  is  still  occu- 
pied by  oi^en  water  of  considerable  depth.  Another  marked  examjale, 
which  may  be  included  in  the  same  category,  is  "  Old  River,"  into 
which  the  Yazoo  empties,  just  above  Vicksburg. 

To  round  up  this  part  of  the  discussion  briefly:  Professor  Haupt's 
theory  is,  that  a  large  quantity  of  heavy  silt  is  brought  into  the 
alluvial  valley  from  extraneous  sources,  and  is  not  carried  through  to 
the  Gulf.  That  with  an  unleveed  river  this  material  is  carried  over 
the  banks  of  the  river  by  the  overflow,  and  is  distributed  over  the 
general  surface  of  the  alluvial  plain.  That  confining  the  flood  water 
to  the  channel  by  levees  must  of  necessity  result  in  the  deposition  of 
this  material  in  the  bed  of  the  river. 

The  opposing  view  here  presented  is:  That  the  river  is  not  cajjable 
of  transporting  this  heavy  silt  except  for  short  distances;  that  the 
large  quantities  of  detritus  washed  down  from  the  hills  and  moun- 
tains is  nearly  all  consumed  in  the  process  of  "base  leveling,"  by 
which  the  valleys  are  raised  and  the  slopes  of  tributaries  are  flattened ; 
that  but  a  small  quantity  of  such  heavy  silt  reaches  the  channel  of  the 
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Mississippi  Eiver,  and  takes  its  place  in  the  slow,  progressive  down-  Mr.  Dabney. 
stream  movement  of  the  material  dislodged  by  erosing  from  the  river 
banks;  that  the  rate  of  this  movement  is  to  be  measured  by  the  extent 
of  the  invasion  of  the  head  of  the  delta  proper,  that  is,  the  fiat-slope 
division  of  the  channel  in  the  vicinity  of  Red  Eiver,  by  the  heavy, 
shoal-making  silt;  that,  if  this  movement  were  as  great  as  is  assumed, 
the  entire  extent  of  the  flat-sloi^e  channel  below  Eed  River  should  be 
speedily  occuj)ied  by  the  heavy  sediment  carried  forward  from  above, 
with  the  result  of  shoaling  its  bed,  tlie  absence  of  which  efiects  dis- 
proves the  assumption;  and  lastly,  the  great  body  of  silt  material 
brought  into  the  Lower  Mississippi  channel  consists  of  finely  com- 
minuted particles  which  are  of  such  lightness  as  to  be  conveyed  all 
the  way  to  the  Gulf  by  the  river's  flow;  or  that  such  of  it  as  may  be 
deposited  along  the  way  is  replaced  by  other  such  material  gathered  by 
erosion  of  the  sides  and  bed  of  the  channel. 

If  Professor  Haupt's  assumption  were  correct,  to  wit,  that  a  large 
quantity  of  alluvial  matter  is  carried  over  the  banks  of  the  river  by 
overflow,  and  distributed  over  the  alluvial  plain,  then  it  should  follow 
that  the  old  river  bends  which  have  been  converted  into  lakes,  and 
have  since  constituted  the  most  obvious  and  convenient  catch-basins 
for  sediment,  should  have  been  filled  up  long  ago  and  obliterated  from 
the  map  as  lakes;  and  that  with  a  leveed  river  the  deposit  should  be 
made  on  the  foreshore  between  the  levee  and  the  river  bank,  and 
speedily  bring  it  up  to  the  elevation  of  the  levee  itself;  whereas  such 
deposit  is  only  moderate  in  quantity. 

One  other  subject  is  now  to  be  presented,  which,  pei'haps,  is  not 
strictly  germane  to  this  discussion:  Allusion  has  been  made  to  a  con- 
stant effort  of  Nature  to  establish  a  state  of  equilibrium  between  the 
three  controlling  factors  m  the  regimen  of  the  Mississijipi,  namely, 
volume  of  flow,  total  fall,  and  length  of  channel;  and  that  the  accomp- 
lishment of  a  fixed  relation  between  these  three  factors  has  heretofore 
been  interrupted  continually  by  the  recurrence  of  "cut-offs,"  at  not 
infrequent  intervals  in  the  river's  history,  as  attested  by  the  chain  of 
horseshoe  lakes  lying  along  on  either  side  of  the  channel.  The  im- 
mediate effect  of  a  "  cut-off "  is  to  shorten  the  river  channel  by  the 
length  of  the  bend  thus  excised,  ranging  from  6  to  25  miles. 

The  accelerated  current  from  steepened  slope  in  the  locality  of  the 
cut-off",  produces  greatly  increased  energy  of  caving,  resulting,  gener- 
ally, in  the  making  of  a  new  "bend,"  and  increasing  the  length  of 
existing  ones,  until  ap^iroximate  equilibrium  is  restored. 

No  new  "  cut-off"  has  occurred  during  about  20  years  past,  since 
the  Mississippi  River  Commission  addressed  their  efforts  to  preventing 
such  catastrophes  by  means  of  bank  revetments.  But  what  will  be  the 
result  if  no  cut-off  ever  occurs  hereafter?  Manifestly,  the  equilibrium 
so  long  futilely  sought  by  the  river  will  be  established,  by  the  attain- 
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Mr.  Dabney.  ment  of  a  length  of  cliannel  and  a  resultant  slope,  commensurate  with 
the  volume  of  flow,  which  will  satisfy  all  the  requirements  of  the 
conditions  involved,  when  further  caving  of  the  banks  must  necessarily 
cease,  as  any  further  caving  must  increase  directly  the  length  of  channel, 
after  a  maximum  length  has  been  reached. 

A  further  result  should  be,  that  the  current,  with  flood  energy  and 
without  a  burden  of  silt  to  carry,  should  raze  the  crests  of  the  shoal 
bars  that  extend  across  the  channel  at  the  reversions  between  bends, 
carrying  the  material  into  the  intervening  deep  pools,  and  so  tend  to 
equalize  dejiths,  to  increase  the  discharging  capacity  of  the  channel, 
and,  as  a  consequence,  to  lower  the  flood  plane;  the  last-named  result 
to  be  modified,  however,  by  the  flattened  slope,  to  what  extent  cannot 
be  foretold.  But  it  may  be  inferred,  logically,  that,  after  a  fixed  and 
stable  regimen  is  established  and  maintained  among  these  several  con- 
tending factors,  the  Mississippi  will  adjust  its  channel  to  the  require- 
ments of  its  flow,  without  the  necessity  of  excessive  flood  elevations. 
Mr.  Harrod.  B.  M.  Harkod,  Past-President,  Am.  Soc.  C.  E.  (by  letter). — The 
national  character  and  importance  of  the  great  work  which  is  the 
subject  of  this  discussion  merits  an  interest  and  understanding  on  the 
part  of  civil  engineers  which  it  has  not  generally  received,  but  to 
which,  it  is  hoped,  thepresent  discussion  will  contribute.  In  closing, 
attention  must  be  given  to  the  discussions  taking  a  critical  attitude 
toward  the  adopted  plan,  as  well  as  the  general  features  of  the  river, 
and  the  project  for  its  imi^rovement. 

Mr.  Brown's  discussion  is  of  wide  range.  It  covers  the  physical 
history  of  the  alluvial  valley,  the  intentions  of  Nature  for  its  further 
development,  the  way  in  which  these  have  been  thwarted  by  man,  the 
present  condition  of  the  valley  and  river,  and  a  plan  for  future  im- 
provement in  which  the  forces  of  Nature  and  the  skill  of  man  will 
combine  and  co-operate. 

The  views  concerning  the  jDast  and  intended  future  history  of  the 
valley  have  the  quality  of  originality.  Their  general  discussion  may 
be  left  to  the  geologist  and  physical  geographer,  but  reference  to  one 
or  two  points  is  opportune  here. 

Mr.  Brow^n  has  observed: 

"That  the  river  hugs  the  high  country  on  the  east  side  of  the 
alluvial  embayment  throughout  its  whole  length,  from  the  mouth  of 
the  Ohio  to  near  New  Orleans,  excepting  between  Memphis  and  Vicks- 
burg,  and  that  the  tendency  of  the  river  throughout  is  to  hug  or 
parallel  this  higher  or  older  territory  on  the  east." 

As  the  exception  mentioned,  from  Memj)his  to  Vicksburg,  where 
the  river  is  not  under  or  near  the  eastern  bluft's,  but  wanders  across 
the  alluvial  plains,  is  4:5%  of  the  length  under  consideration,  or  370 
miles  out  of  830,  the  "  tendency  "  to  hug  the  high  country  on  the  east  is 
not  very  well  defined.  But  as  this  higher  eastern  formation  extends 
to  the  Gulf,  and  as  the  river,  by  following  it,  would  find  a  shorter 
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route  to  the  sea  tlirougli  Lakes  Mauvepas  and   Pontcliartrain ,  it  ap-  Mr.  Harrod. 
pears  that,  notwithstanding  this  tendency,  the  river  leaves  the  eastern 
and  northern  limit  of  the  valley  for  620  miles  out  of  1  080,  or  57 "«  of 
its  length  from  Cairo  to  the  Gulf. 

The  reasons  he  assigns  for  this  alleged  phenomenon  are:  That  the 
tributaries  entering  the  main  trunk  from  the  east  have  a  velocity  and 
abrading  force  for  cutting  their  channel  through  the  alluvium  suiierior 
to  that  exerted  by  those  from  the  west,  due  to  the  greater  age,  height 
and  abruptness  of  the  eastern  hills;  that  the  action  of  these  eastern 
tributaries  is  to  abrade  more  rapidly  the  banks  on  that  side,  and,  gen- 
erally, that  the  western  bank  has  been  subjected  to  less  abrasion  and 
wear  from  its  tributaries. 

To  this  it  must  be  answered  that  exact  measurements  have  shown 
that  erosion  is  now  greater  on  the  western  than  on  the  eastern  bank; 
that  the  superior  energy  of  the  tributaries  from  the  east  is  not,  in  any 
way,  apparent;  that  no  observations  have  ever  connected  the  entrance 
of  tributaries  and  the  recession  of  the  banks  on  the  side  from  which 
they  enter,  as  cause  and  effect,  and  that,  if  such  connection  does  exist, 
the  result  would  be  a  movement  of  the  main  trunk  toward  the  west, 
instead  of  the  east,  since  all  the  important  tributaries  beloAV  Cairo,  with 
a  single  exception,  enter  the  main  river  from  the  west,  with  a  volume, 
energy  and  duration  of  flood  stage  many  times  greater  than  that  of 
those  from  the  east.  The  drainage  area  on  the  west  extends  to  the 
Rockies,  while  the  divide  on  the  east  runs  through  Kentucky,  Tennes- 
see and  Mississippi,  States  bordering  on  the  MississiiiiJi  River. 

The  reasons  are  not  apparent  why  the  Lower  Mississippi  alone,  of 
the  rivers  of  North  America,  shoiild  be  charged  with  breaking  Ferrel's 
law  that: 

"If  a  body  moves  in  any  direction  on  the  earth's  surface,  there  is  a 
deflecting  force  arising  from  the  earth's  rotation  which  deflects  it  to 
the  right  in  the  northern  hemisphere,  and  to  the  left  in  the  southern 
hemisjihere. " 

Russell  says: 

"There  is  a  slight  tendency  throughout  the  length  of  every  stream 
of  North  America,  and  at  all  times,  to  erode  its  right  bank  more  rap- 
idly than  the  left  bank." 

He  illusti-ates  this  by  the  streams  on  the  south  side  of  Long  Island. 

"  Each  of  the  little  valleys  is  bordered  on  the  west  or  right  side  by 
a  bluff,  while  its  gentle  slope  on  the  left  side  merges  imperceptibly 
with  the  general  plain.  The  streams,  in  each  case,  follow  closely  the 
bluff  on  the  right." 

In  the  case  of  the  Mississippi,  Gilbert  states  that  the  tendency 
toward  the  right  bank  is  nearly  9J',;'  greater  than  toward  the  left  bank, 
and  measurements  of  caving  banks,  made  by  the  IVIississippi  River 
Commission,  confirm  this  observation.  However  this  may  be,  the 
effect  must  be  so  slight,  and  its  cause  so  cosmic  and  uncontrollable, 
that  it  cannot  enter,  as  an   important  factor,   into  a  plan  for  the  im- 
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Mr.  Hanod.  provement  of  the  river.  The  indirectness  of  its  course,  both  in  the 
local  and  minor  bends,  and  in  its  grand  sweeps  from  side  to  side  of 
the  valley,  is  accounted  for  simply  and  satisfactorily  by  the  fact  that 
the  length  of  the  plain  is  too  short  for  the  river.  If,  at  any  time,  or 
for  any  reason,  the  course  of  the  stream  was  directly  from  Cairo  to 
the  Gulf,  or  only  about  5G0  miles  long,  the  slope  and  velocity  could 
not  be  maintained,  as  it  would  immediately  set  to  work,  as  alluvial 
streams  always  do,  to  establish  meanders,  thus  increasing  its  length 
and  reducing  its  slope  and  velocity  to  some  sort  of  an  adjustment  with 
the  resisting  quality  of  the  material  through  which  it  flows. 

The  limit  of  this  discussion  forbids  the  presentation  of  a  plan  for 
the  reclamation  of  the  alluvial  valley  as  extensive  as  that  of  Mr. 
Brown,  excejit  in  its  general  outlines,  and  these  alone  can  now  be 
considered. 

It  i^rovides  for  an  artificial  or  "secondary  stream,"  between 
parallel  levees,  near  the  hills,  and  enclosing  the  lowest  lands  of  each 
of  the  great  basins.  This  is  to  have  a  discharge  capacity  of  about 
600  000  cu.  ft.,  or  400o^  of  a  flood  volume  assumed  at  1  500  000  cu.  ft. 
per  second.  It  is  to  take  its  source  or  sujjply  through  the  right  bank 
of  the  first  western  bend  of  the  Mississipjji,  above  Cairo,  and,  after 
cutting  through  several  high  ridges,  and  then  following  the  lowest 
lands  of  the  St.  Francis  Basin,  is  to  discharge  again  into  the  main 
river,  through  the  present  mouth  of  the  St.  Francis  River,  above 
Helena,  or  about  315  miles  below  its  source.  There  will  then  be  a  dis- 
charge in  the  Mississijjpi,  at  flood  stages,  at  the  point  of  outflow  and 
of  return  flow,  of  1  500  000  cu.  ft.,  and  at  intermediate  points,  of 
900  000  cu.  ft.  i^er  second.  The  "  secondary  stream  "  is  to  recommence 
on  the  opposite,  left  or  eastern  side,  presumably  at  Yazoo  Pass,  and,* 
after  following  along  the  lowest  lands  of  the  Yazoo  Basin,  redischarge 
into  the  Mississippi  about  280  miles  below,  through  the  mouth  of  the 
Yazoo  River,  above  Vicksburg,  wij^h  dilferences  of  discharge  similar  to 
those  in  the  first  section.  The  third  section  begins  again  on  the  west 
side  of  the  river,  and,  starting  nearly  opposite  Vicksburg,  is  to  join 
Red  River  and  then  seek  an  outfall  in  the  Gulf  along  an  undescribed 
route. 

On  either  side  of  these  sections  of  the  "secondary  stream*'  are  to 
be  built  cross-levees,  forming  reservoirs  to  control  the  discharge;  and 
"suitable  waste  weirs,  of  proj^er  pro^jortions,  at  such  points  as  may 
be  found  necessary  "  to  distribute  sediment  and  thus  raise  the  low 
lands  in  the  interest  of  agriculture  and  sanitation. 

As  this  proi^osed  jalan  for  the  improvement  of  the  valley  and  river, 
by  means  of  a  secondary  stream,  and  other  supplementary,  but  exten- 
sive works,  is  in  three  sections,  divided  by  the  main  river,  an  exam- 
ination of  the  first,  in  the  St.  Francis  Basin  from  Dogtooth  Bend  to 
Helena,  will  sufiice,  as  the  t-vvo  other  sections  jjresent  substantially 
similar  features  and  equal  difficulties  and  costs. 
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Connected  at  its  intake  and  outlet  with  the  Mississippi,  and  having  Mr.  Hanod . 
a  course  of  nearly  the  same  length  as  the  Mississipjji  from  the  Ohio  to 
the  St.  Francis,  the  flood  siirface  at  start  and  finish,  and  at  interme- 
diate points,  in  both  streams,  main  and  secondary,  in  the  same  lati- 
tude, or  at  proportionate  distances  from  the  source,  will  have  the 
same  elevation.  What  these  elevations  would  ultimately  be  in  the 
main  channel  if  the  flood  discharge  never  exceeded  900  000  cu.  ft.  per 
second  need  not  be  discussed  here.  Possibly  Mr.  Brown  assumes 
that  they  will  always  be  the  same  as  are  now  reached  by  a  rising  river 
when  the  discharge  acquires  that  volume,  and  that  this  condition  will 
be  permanent.  But  notwithstanding  the  violent  contradiction  of  the 
accejited  theory  of  sedimentary  or  alluvial  rivers  involved  in  the 
assumption  that,  if  the  flood  discharge  is  reduced  40/0,  the  channel 
capacity  will  remain  undiminished  indefinitely,  it  may  now  pass  un- 
challenged, for  argument's  sake. 

A  flood  discharge  of  900  000  cu.  ft.,  on  a  rising  river,  when  passing 
through  the  section  under  consideration,  reaches  an  average  bank-full 
stage,  and,  were  it  not  for  the  levees,  would  be  overflowing  at  many 
places  in  large  quantities.  Trans-alluvial  levels  show  that  in  the  in- 
terior of  the  basin  which  the  proposed  plan  indicates  as  the  location 
of  the  levees,  or  artificial  banks  of  the  new  stream,  the  elevation  of 
the  low  lands  averages  about  17  ft.  below  bank  height,  or  the  stage  of 
the  main  river  when  the  discharge  is  900  000  cu.  ft.  i^er  second. 
Allowing  3  ft.  of  free  height  above  this  elevation  for  a  safe  construc- 
tion grade,  it  is  found  that  the  new  levees  of  the  secondary  stream 
would  require  a  height  of  about  20  ft.,  and  that  the  levees  now  exist- 
ing on  the  main  river  would  require  no  additional  grade. 

The  double  line  of  levees  of  that  part  of  the  secondary  stream  in 
the  St.  Francis  Basin,  therefore,  would  have  a  length  of  not  less  than 
400  miles,  an  average  height  of  20  ft.,  and  contents  of  124  000  000  cu. 
yds.  This  is  more  than  two-thirds  of  the  contents  of  the  entire  levee 
system,  as  it  now  exists,  on  both  banks  of  the  river  below  Cairo;  more 
than  is  estimated  as  necessary  for  its  safe  completion;  and  about  ten 
times  as  much  as  will  be  required  for  the  completion  of  the  levee 
system  of  the  St.  Francis  Basin,  to  which  consideration  is  at  jiresent 
confined.  Yet,  in  arriving  at  this  estimate  of  one  section  out  of  three 
in  the  writer's  plan,  an  admission  is  accepted  which  hydraulic  en- 
gineers will  generally  reject,  and  no  allowance  is  included  for  cross- 
levees,  forming  reservoirs,  "suitable  waste  weirs  at  such  points  as 
maybe  found  necessary,"  and  for  the  installation  and  operation  of 
pumping  machinery  which  will  be  required  when  the  natural  drainage 
is  destroyed. 

The  natural  drainage  systems  of  the  great  basins  lying  on  either 
side  of  the  river  as  it  meanders  across  the  valley  are  well  developed, 
and  serve  satisfactorily  the  area  now  under  cultivation,  except  in  the 
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Mr.  HaiTod.  lower  region  of  Louisiana,  where  rice  and  sugar  cane  are  benefited  by 
irrigation  and  artificial  drainage.  They,  however,  are  susceptible  of 
great  improvement  by  such  ditching  and  the  removal  of  obstructions 
from  natural  watercourses  as  can  be  here,  and  is  elsewhere,  readily 
accomplished  by  corporate,  if  not  by  individual,  efibrt.  Such  progress 
is  now  being  made  in  many  localities.  In  this  way,  not  only  can  the 
cultivable  area  be  very  greatly  extended,  but  the  production  of  each 
unit  can  be  materially  increased.  The  minor  drains  are  tributary  to  a 
main  trunk,  which,  following  the  lowest  levels  between  the  high 
banks  of  the  river  and  the  hills,  gradually  assumes  the  dimensions  of 
a  river  and  finally  debouches  into  the  Mississippi,  as  do  the  St.  Francis 
and  the  Yazoo. 

It  is  a  part  of  the  plan  proposed  by  Mr.  Brown,  to  build  embank- 
ments on  both  sides  of  this  main  collecting  and  discharging  conduit, 
thus  cutting  off  all  tributary  drainage  from  its  natural  outfall,  and 
making  it  necessary  to  lift  over  these  embankments,  by  jsumps,  the 
run-off  of  50  ins.  of  rainfall  over  20  000  000  acres.  In  the  considera- 
tion of  this  plan,  the  following  quotation  is  made  from  Mr.  Brown's 
discussion: 

"  Our  country,  to-day,  *  *  *  can,  joerchance,  *  *  *  raise 
the  necessary  funds  to  construct  and  maintain  these  very  large  and 
expensive  levee  lines  "  (that  is,  such  as  are  now  two-thirds  com- 
pleted on  the  river  bank);  "but  in  times  of  adversity,  which  every 
country  may  expect  to  esjjerience,  and  funds  are  lacking  to  maintain 
them  properly,  what  will  become  of  this  great  levee  system,  which 
requires  constant  watching,  guarding  and  the  annual  expenditure  of 
large  sums  of  money?  And  if  the  levee  system,  when  constructed, 
*  *  *  is  by  necessity  forced  to  be  neglected,  what  becomes  of  our 
rich  alluvial  country  ? 

"Works  affecting  such  enormous  values,  as  do  the  works  of  protec- 
tion against  inundation  by  the  floods  of  the  Mississippi,  must,  of  neces- 
sity, to  be  worthy  of  adoption,  be  such  as  will  not  confiscate  the 
country  in  their  construction;  and  also  such  as  will  serve  reasonably 
well  the  purpose  for  which  they  were  constructed,  were  they,  from  expe- 
diency, forced  to  be  neglected  for  a  time." 

The  discussion  by  Mr.  Haupt  presents  no  definite  plan  as  an  alter- 
native for  the  completion  of  the  levee  system,  but  is  critical  in  its 
attitude,  and  urges  the  co-operation  of  levees,  reservoirs  and  outlets. 

The  advocates  of  outlets  are  careful  to  state  that  they  do  not  mean 
mere  gaps  in  the  levees,  through  w'hich  the  superabundant  flood  water 
may  escape,  but  scientific  openings  controlled  and  regulated  so  as  to 
discharge  just  water  enough.  They  fail,  however,  to  note  that  what- 
ever the  character  of  the  outlet,  or  the  volume  discharged,  it  must  be 
confined  and  conducted  to  the  sea,  however  distant  that  may  be,  and 
not  permitted  to  sjDread  over  adjacent  territory.  This  can  only  be 
done  by  more  levees,  with  the  additional  danger  (which  is  proportion- 
ate to  the  length  of  line)  and  cost  of  construction,  guarding  and  main- 
tenance. 
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The  alluvial  river  is  divided  by  many  islands.  These  appear,  dis-  Mr.  Hairod. 
apjsear,  and  change  form  and  jjosition.  A  permanent  adjustment 
between  the  discharge  cajiacity  of  the  main  channel  and  the  island 
chute  is  seldom,  if  ever,  reached.  One  is  constantly  enlarging  at  the 
expense  of  the  other.  Many  islands  have  joined  the  nearest  shore  by 
the  tilling  of  their  chutes,  while  others  have  crossed  the  river,  which 
has  opened  the  chutes,  by  scour,  to  sufficient  dimensions  to  accommo- 
date the  main  discharge.  The  law  under  which  these  changes  take 
place  will  be  equally  active  in  outlets.  They  will  either  enlarge  to 
uncontrollable  dimensions,  or  silt  up  and  require  frequent  dredging 
to  preserve  their  efficiency.  Mr.  Haupt  quotes  a  description  of  the 
ideal  channel  existing  through  the  310  miles  from  Red  River  down  to 
the  Passes,  and  inferentially  assigns  this  excellent  condition  to  the 
presence  of  outlets.  With  no  intention  of  claiming  this  as  entirely  the 
result  of  levees,  but  recognizing  more  remote  hydraulic  agencies,  it 
should  be  stated  that  but  one  insignificant  outlet  exists,  or  has  existed 
for  40  years,  from  Red  River  to  the  lower  end  of  the  levee  system, 
about  275  miles,  and  to  within  a  short  distance  of  the  head  of  the 
Passes;  that  this  is  now  to  be  closed  with  a  dam  and  lock  because  the 
completion  and  maintenance  of  the  sub- levee  system,  by  which  its  dis- 
charge is  confined  and  conducted  to  the  sea,  is  much  more  costly  and 
difficult  than  the  necessary  enlargement  of  the  river  levees;  and  that 
along  this  reach  of  the  Mississippi  the  levees  have  been  built  longer 
and  maintained  better  than  on  any  other  part  of  the  river.  The  "  con- 
sistency of  stage"  in  this  section,  attributed  by  Mr.  Haupt  to  outlets, 
is  really  due  to  the  proximity  of  the  outfall,  where  slope  ceases. 

With  reference  to  the  claim  that  the  opinion  that  outlets  must 
occasion  deposits  in  the  channel  falls  to  the  ground  after  the  careful 
investigations  of  the  sections  at  certain  crevasses,  and  an  extensive 
series  of  measurements  made  with  especial  reference  to  testing  this 
assumption,  it  must  be  observed  that,  to  have  any  bearing  on  the 
question,  such  investigations  and  measurements  must  consist:  First, 
of  a  sufficient  number  of  cross-sections  to  cover  some  miles  of  river 
below  the  site  where  a  crevasse  is  to  occur,  and  the  rejoetition  of  these 
sections  after  the  crevasse  has  broken  and  run  for  a  sufficient  time;  or, 
second,  of  a  similar  series  of  cross-sectioning  below  a  crevasse  which 
has  run  a  sufficient  time  to  cause  deposit,  and  its  repetition  after 
closure  and  the  passage  of  a  flood  of  sufficient  violence  to  remove  any 
deposit  which  may  have  occurred. 

No  such  examinations  have  been  made,  except  by  the  Mississippi 
River  Commission.  It  is  recorded  in  the  physics  and  hydraulics  of 
the  Mississippi  River  that  certain  cross-sections  were  sounded  below 
two  crevasses  of  1849,  and  that  these  soundings  were  repeated  in  sub- 
sequent years,  but  the  details  of  the  work  are  not  given,  and  it  is  not 
even  stated  whether,  when  the  later  soundings  were  made,  the  crevasses 
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Mr.  HaiTOfi.  bad  been  closed,  and  a  sufficient  flood  Lad  passed  to  show  the  com- 
l>arative  effect  on  tlae  channel  of  an  overflowing  and  confined  dis- 
charge. Without  this  information,  such  observations  are  of  little  or 
no  value.  Oq  the  other  hand,  the  Mississippi  River  Commission  has 
made  surveys  at  Bonnet  Carre,  Morganza,  at  three  of  the  crevasses  of 
1882,  and  has  continued  the  comparative  surveys  of  the  United  States 
Coast  and  Geodetic  Survey  at  and  below  Cubits  Gap.  All  these  exam- 
inations indicate  clearly  the  reduction  of  channel  capacity  as  the 
result  of  the  several  outlets,  or  its  enlargement,  subsequent  to  the 
closure.  Similar  stiidies  are  now  being  made  in  connection  with  the 
crevasses  of  1903. 

Tables  Nos.  1  and  2,  giving  the  comparison  between  certain  ele- 
ments of  the  river,  width,  area,  and  mean  and  maximum  dej^ths,  in 
1881,  1882  and  188.3,  and  in  1894,  1895  and  1896,  were  presented  in 
the  writer's  opening  discussion  as  showing  a  tendency  toward  greater 
imiformity  of  depths  and  an  increase  of  the  discharge  capacity  of  the 
channel  in  the  thirteen  years  between  these  comparative  surveys,  dur- 
ing which  i^eriod  levee  constriiction  had  been  active.  It  was  then  said 
that  : 

"There  is  a  limit  to  the  value  of  the  results  obtainable  even  by 
this  exhavistive  j^rocess,  *  *  *  A  comparison  between  the  two  surveys 
would  be  conclusive  in  proportion  to  the  similarity  of  the  stage  condi- 
tions preceding  them  and  j^revailing  while  the  parties  were  in  the 
field." 

A  falling  or  low  stage  would  have  a  tendency  to  scalp  or  channel 
the  bars  and  fill  the  pools,  while  a  rising  or  high  stage  would  have 
the  opposite  effect.  The  enlargement  of  width  and  area  at  medium 
and  bank-full  stages  is  a  permanent  result  when  compared  with  the 
elevation  and  depression  of  the  crests  of  bars,  which  vary  from  year  to 
year  from  obsctirer  complicated  causes.  Crossings  which  are  trouble- 
some to  navigators  in  some  years  disappear  in  following  seasons  as 
obstructions,  to  be  replaced  by  others. 

In  the  same  j)art  of  the  discussion  other  evidence  was  submitted 
against  the  assumption  of  any  general  elevation  of  the  bed  of  the 
river.  Nevertheless,  these  tables  have  been  cited  by  Mr.  Haupt  as 
containing  proof  of  such  a  movement.  But  both  the  uncertainty  of 
the  argument  of  the  tables  when  applied  to  the  bed  of  the  river  and 
of  Mr.  Haupt's  deductions  from  them  are  shown  by  the  fact  that  the 
low  water  of  1895— the  year  when  the  later  surveys  were  made- 
reached  a  lower  stage  at  every  gauge  station  on  the  Mississippi,  with 
one  excejition,  from  Cairo  to  Red  River,  than  had  ever  been  reached 
before,  by  differences  ranging  from  0.35  to  1.80  ft,  and  averaging  1.1  ft. 
This  statement  is  confined  to  Red  River  as  a  lower  limit,  because, 
with  the  great  depth,  and  absence  of  bars  from  there  down,  the  low- 
water  flow  line  is  a  function  of  the  volume  and  friction  of  the  bed, 
while  above  Red  River  the  surface  is  controlled  by  the  elevation  of  the 
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bars  and  crossings,  and  represents  the  changes  they  may  be  undergo-  Mr.  llarrod. 
ing.     This  condition  of  low  stage  in  1895  appears  to  have  been  the 
result  of  the  depression  of  the  bed,  rather  than  of  the  small  discharge, 
since  in  no  one  of  the  tributaries,  excepting  the  Wabash,  and  the  Ohio 
below  Louisville,  -were  the  lowest  stages  reached  during  that  year. 

Table  No.  6,  of  low-water  stages,  together  with  an  explanation,  is 
submitted  as  containing  evidence  bearing  on  the  changes  in  the  bed  of 
the  Mississippi  from  Cairo,  at  the  jtinction  of  the  Ohio,  to  its  mouth. 
Along  this  jiart  of  the  river  the  ten  gauges  longest  established  furnish 
an  unbroken  record  of  the  daily  stages  from  1872  to  date,  a  period  of 
thirty-one  years.  In  Table  No.  6  is  given,  for  each  of  these  stations, 
the  average  low  water  during  the  first  (1872-1887)  and  second  (1887- 
1902)  halves  of  the  time  covered.  As  the  number  of  years  is  odd  the 
middle  one  (1887)  is  made  common  to  both  divisions,  in  order  to 
include  in  each  the  same  number  of  years. 

TABLE  No.  6. -Low  Water,  Caiko  to   Cakkollton,  1872-1902. 


1872-1887. 

1887-1903. 

Difference. 

Carrollton 

Baton  Rouge 

0.1 
3.0 
3.4 
4.G 
3.7 
3.0 
5.5 
5.0 
2.1 
4.3 

0.5 

2.7 

3.  a 

4.7 
0.1 
1.3 
6.5 
2.5 
'..7 
4.2 

+  0.4 
—  0.3 

Red  River 

—  0.2 

Natchez 

+  0.1 

Vicksburg 

I3.6 

Lake  Providence 

—  1.8 

White  River 

+  1-0 

Helena 

-2.5 

Memphis 

—  0.4 

■Cairo 

-  0.1 

It  vi^ill  be  observed  that  the  Cairo  gauge,  which  is  unaffected  by 
levees,  has  a  substantially  unchanged  average  during  the  tw^o  periods, 
the  difference  being  only  0.1  ft.  From  Cairo  to  the  lowest  of  these 
gauges,  at  Carrollton,  100  miles  above  the  Passes,  every  gauge,  with 
the  exception  of  White  River,  which  has  risen  1  ft.,  and  Natchez,  which 
is  practically  unchanged,  shows  a  lower  average  of  low  water  during 
the  last  half,  with  differences  ranging  from  0.2  ft.  at  Red  River  to  3.6 
ft.  at  Vicksburg.  At  Carrollton  the  depth  of  the  river  is  so  great,  and 
the  low  stages  so  subject  to  tidal  and  storm  influences  transmitted  up 
from  the  Gulf,  that  the  rise  there  is  not  connected  with  changes  in  the 
iDed,  as  is  the  case  at  the  other  stations  more  remote  from  the  sea  and 
where  low-water  depths  at  crossings  are  so  small  that  the  profile,  at 
such  times,  conforms  to  the  profile  of  the  bed. 

It  may  be  contended  that  this  reduction  of  low-water  stages  in  the 
later  years  is  the  result  of  changes  in  the  physical  character  of  the 
basin,  such  as  deforesting  and  improved  drainage,  which  are  supjiosed 
to  cause  higher  high  and  lower  low  waters.     This  claim  could  only 
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Mr.  Harrod.  be  completely  met  by  au  analysis  of  the  low-water  stages  of  all  the 
affluents  during  the  period  under  consideration.  These,  unfortunately^ 
do  not  exist,  the  tributary  gauges  having  been  established  quite 
recently,  with  the  exception  of  the  one  at  Cincinnati.  This,  however, 
is  the  most  important,  as  the  discharge  from  the  Ohio  controls  the 
stages  of  the  Mississipjai  below  Cairo  more  largely  than  any  other, 
and,  ijerhaps,  more  largely  than  all  the  others.  But  it  has  been  shown, 
in  a  table  and  diagram  in  the  opening  of  this  discussion,  that,  during 
the  later  group  of  years,  the  low  stages  of  the  Ohio  at  Cincinnati 
were  higher,  and  it  is  here  shown  that  those  of  the  Mississiijpi  were 
lower,  than  during  the  earlier  jieriod.  This  dejoression  of  low  water 
below  Cairo  in  later  years,  therefore,  may  reasonably  be  considered 
as  the  result  of  a  depression  of  the  bed  for  that  time  and  on  that 
part  of  the  river. 

Mr.  Haupt's  criticism  of  the  jjresent  alignment  of  the  levees  is  well 
taken,  and  will  not  be  objected  to  by  the  engineers  resijonsible  for  it, 
although  the  apiilication  is  to  the  past  practice  of  levee  building, 
rather  than  to*  the  theory  of  the  confinement  of  floods  to  a  single 
channel  by  levee?.  The  illustration,  however,  is  unfortunately 
chosen,  as  the  widening  about  Mile  400  is  the  necessary  gap  between 
the  lower  end  of  the  White  Biver  and  the  head  of  the  Tensas  Basin, 
through  which  the  Arkansas  and  White  Rivers  discharge,  and  the 
levee  causing  the  gorge  30  miles  below  has  been  abandoned  for  several 
years  and  retired  two  or  three  miles. 

The  present  irregular  alignment  is  only  a  phase  in  "the  evoltition 
of  levees, "and  is  the  result  of  the  paramount  importance,  in  the  past, 
for  both  theoretical  and  economic  reasons,  of  establishing  and  main- 
taining the  continuity  of  the  line.  When  a  gaj)  occurred,  the  only 
practicable  thing,  with  the  means  at  hand,  was  to  build  the  shortest 
possible  loop  around  it.  When  a  narrow  and  projecting  point  was 
reached,  the  levee  was  run  across  it.  These  imperfections  of  align- 
ment have  long  been  realized  and  accepted  only  as  of  necessity.  It 
is  with  levees  as  with  railroads.  The  first  thing  is  to  get  there — to 
open  up  the  country.  When  the  financial  development  allows  more 
than  the  maintenance  of  roadbed  and  rolling  stock,  the  improvement 
of  grade  and  alignment  receives  attention.  The  rapid  influx  of  popu- 
lation and  investment  to  the  alluvial  valley  has  made  the  extension  of 
protection  against  such  floods  as  recur  with  substantial  regularity 
absolutely  and  immediately  necessary,  and  this  has  strained  the  re- 
sources of  the  riparian  communities,  and  the  limit  to  which  the  Gov- 
ernment has,  as  yet,  seen  fit  to  extend  its  api^ropriations.  With  the 
resources  following  success  and  prosperity,  the  makeshifts  of  an 
emergency  will  be  rectified.  Even  now,  the  question  of  alignment  is 
receiving  attention,  and,  in  some  cases,  spurs  are  built  along  the  axes 
of  points,  equalizing  the  width  of  the  river,  and  preventing  the  race 
of  water  across  them. 
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Concerning  the  disposal  by  the  main  river  of  material  derived  from  Mr.  Hanofi. 
the  tributaries  and  its  own  caving  banks,  it  must  bo  said  that  an 
amount  nearly,  if  not  quite,  equal  to  that  contributed  by  the  caving 
banks  is  used  in  building  out  and  up  the  opposite  shores.  This  jiro- 
cess  has  been  going  on  ever  since  the  valley  was  first  known,  and  it 
has  not  been  observed  that  it  has  been  hastened  by  the  building  of 
levees.  A  gradual  widening  was  shown  by  the  earlier  reconnaissances 
and  surveys,  and  in  the  latest  surveys,  made  within  the  period  of  ac- 
tive levee  building,  and  mentioned  in  the  o^Dening  of  this  discussion, 
the  increase  of  width  is  siirprisingly  small.  There  is  now,  and  always 
will  be,  left,  on  both  sides,  along  the  greater  part  of  the  length  of  the 
stream,  or  above  Red  River,  about  800  out  of  its  1  000  miles,  a  wide 
foreshore  between  the  levees  and  the  natural  bank,  for  the  deposit  of 
material  lifted  by  the  stream  in  flood  time.  As  this  is  not  deeply  sub- 
merged, and  is  generally  obstructed  hj  a  dense  growth,  the  velocity  of 
the  overflow  is  so  rediiced  as  to  make  the  conditions  favorable  for  the 
arrest  of  suspended  sediment. 

There  is  another  factor  which,  although  not  closely  determinable 
in  amount,  is  evidently  of  great  importance  in  the  disposal  of  the 
solid  material  brought  in  by  the  tributaries  and  transported  by  the 
river.  The  greater  fineness  of  the  sand,  and  the  smaller  size  and 
quantity  of  the  gravel  at  lower  x^oiuts  in  the  river  is  very  observable. 
From  Cairo  for  some  distance  down  there  is  a  gravel  bar  at  the  head 
of  most  tow-heads  and  at  the  entrances  of  chutes,  at  points  where  the 
depth  decreases  and  the  velocity  is  checked.  Passing  down  the  river, 
the  number  and  extent  of  these  accumulations  are  reduced,  as  well  as 
the  size  of  the  material  of  which  they  are  composed.  There  is  no  im- 
portant gi-avel  bed  found  below  Profit  Island,  250  miles  above  the 
mouth  of  the  river,  and  this  is  mainly,  if  not  exclusively,  contributed 
by  Thompson's  Creek,  a  small,  but  torrential  tributary  from  the  Mis- 
sissippi hills.  The  attrition  of  particle  with  particle,  on  the  way 
down,  wears  them  away,  and  the  result  is  as  if  they  were  dissolved. 
The  fineness  of  the  waste  makes  it  transportable,  even  at  slow  veloci- 
ties, for  great  distances.  It  floats  from  the  Missouri  for  many  miles 
out  into  the  Gulf  of  Mexico,  and  has  a  share  in  giving  the  milkiness 
of  color  to  the  water  of  the  lower  river  with  which  the  settling  basin 
and  filter  have  so  much  difficulty  in  dealing.  Yet  its  importance  in 
disposing  of  solid  material  is  realized  from  the  fact  that  the  loss  of 
half  its  diameter  by  a  grain  of  sand  or  a  jjebble  means  the  loss  of 
seven-eighths  of  its  contents  and  weight.  It  is  estimated  by  physical 
geographers  that  1  400  000  000  cu.  ft.  of  solid  material  are  dissolved 
annually  by  rain  and  other  agencies  from  the  surface  of  the  drainage 
basins,  and  carried  down  the  main  trunk  of  the  Mississippi,  in 
solution.  This  is  not  recognized  in  plans  for  the  improvement  of 
the  river  and  its  alhivial  valley,  and  the  same  is  true  of  the  large,  but 
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Mr.  Harrod.  impalpable,  product  of  the  attrition  between  particles  of  sand  and 
gravel  on  their  journey  from  the  mountains  to  the  sea. 

The  dream  of  using  the  sediment,  carried  in  suspension  by  the 
river  and  escaping  over  its  banks  during  overflow,  for  raising  the 
valley  lands,  is  so  attractive  that  it  occurs  to  everyone  who  has 
occasion  to  approach  the  study  of  the  physics  of. the  Mississippi 
Delta,  and  lasts  until  investigations  show  its  utter  imjiracticability 
for  general  apj^lication. 

The  subject  was  investigated  carefully  by  Humphreys  and  Abbot, 
accomplished  students  of  the  Mississippi  River,  and  the  ablest  advo- 
cates of  the  theory  of  outlets.  The  conclusion  of  General  Humphreys, 
concurred  in  by  General  Abbot,  is,  when  applied  to  the  St.  Francis 
Basin,  that  if  the  water  escaping  into  this  basin  during  the  great  flood 
of  1858  had  carried  the  average  amount  of  sediment  for  flood  stages, 
it  would  have  sufficed  to  have  filled  the  basin,  if  evenly  distributed, 
onetwenty-fourth  of  an  inch,  and  that  the  effect  in  this  year  was  twice 
that  of  a  year  of  average  overflow.     In  general,  he  says: 

"The  figures  exhibited  show  that  such  a  jirocess  on  a  large  scale 
is  impracticable.  The  only  practicable  way  of  reclaiming  the  swamjD 
lands  is  to  levee  the  river  banks  securely,  and,  as  cultivation  extends 
inward,  to  establish  a  proper  system  of  drainage." 

The  most  accurate  data  obtainable  concerning  the  physics  of  the 
river  show  that,  as  an  engineering  factor  in  the  reclamation  of  the 
alluvial  lands,  it  is  absolutely  trifling,  from  its  slowness  and  unequal 
distribution.  The  authorities,  Humphreys,  Abbot,  Russell,  Davis 
and  others,  concur  in  the  estimate  that  the  amount  of  sediment  annu- 
ally carried  in  suspension  by  the  main  trunk  of  the  Mississippi  corre- 
sponds to  a  rate  of  denudation  of  the  surface  of  the  drainage  basin, 
from  this  source,  of  1  ft.  in  about  5  376  years.  As  the  area  of  the  basin 
is  about  1  250  000  sq.  miles,  and  that  of  the  land  subject  to  overflow 
from  the  Mississippi,  30  000  sq.  miles,  or  a  ratio  of  about  42  to  1,  the 
amount  of  material  from  the  basin,  if  spread  evenly  over  the  alluvium, 
would  raise  it  at  the  rate  of  1  ft.  in  128  years,  or  1  in.  in  lOf  years. 
But  this  preliminary  assumption  is  subject  to  certain  limitations.  In 
the  first  place,  high  waters  of  magnitude  enough  to  cause  overflow  over 
the  natural  banks  do  not  occur  annually,  and  great  floods  are  infre- 
quent. Secondly,  the  period  during  which  overflow  lasts,  even  in  floods 
of  magnitude,  does  not  usually  last  more  than  two  months.  -  Thirdly, 
the  mean  quantity  escaj)ing  during  this  period  cannot  be  estimated 
as  exceeding  one-third  of  the  entire  flood  discharge  of  the  river.  It  is 
submitted,  therefore,  that  an  escape  of  one-third  of  the  flood  volume 
during  one-sixth  of  every  year,  is  a  large  estimate  of  the  force  avail- 
able for  the  distribution  of  sediment  over  the  alluvial  lands,  and  that, 
therefore,  the  rate  of  fill  over  these  lands,  if  evenly  distributed,  could 
not  exeed  1  in.  in  192  years.  Of  course,  the  distribution  of  sediment 
would  not  be  uniform,  for  by  far  the  greater  joart  would  be  arrested 
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Bear   the  bank,  while  it  is  highly  improbable  that  the  lowest  lands,  Mr.  Hanod. 
remote  from  the  river,  and  needing  elevation  most,  would  be  raised  at 
a  rate  exceeding  1  in.  in  500  years. 

The  terms  of  this  problem  are  so  immense  and  variable  that  they 
only  admit  of  its  approximate  solution,  but  it  is  believed  that  enough 
has  been  said  to  show  that,  however  well  it  might  have  been  to  defer 
the  settlement  of  the  valley  for  a  term  of  centuries,  but  little  aid  can 
now  be  expected  in  its  general  improvement  by  sedimentation.  The 
time  for  this,  if  it  ever  existed,  has  gone  by,  and  the  vested  interests  are 
too  great  and  active  to  admit  of  interruption  by  any  such  slow  process. 

The  Mississippi  is  a  sedimentary  stream,  flowing  through  an 
alluvium  of  its  own  formation,  in  a  bed  adjusted  to  its  needs  by  its 
own  forces.  Although  geologically  young  among  rivers,  it  is  mature 
in  the  sense  of  having  established  a  permanent  regimen,  under  which 
its  slope,  velocity,  length  and  section  are  in  substantial  adjustment 
with  its  discharge  and  the  stability  of  the  material  through  which  it 
flows.  It  builds  up  its  banks  on  one  side  as  fast  as  it  tears  them  down 
on  the  other,  and  strives  to  maintain  its  present  length. 

The  phenomena  characteristic  of  this  type  of  river  are  clearly  ex- 
hibited throughout  its  course.  With  each  increment  of  volume  from 
an  affluent,  its  slope  is  flattened  without  loss  of  mean  velocity.  Thus, 
above  the  junction  of  the  Ohio,  it  is  0.5  ft.  per  mile  ;  from  the  Ohio  to 
the  St.  Francis  it  is  0.424  ft.;  from  the  St.  Francis  to  the  White  0.344 
ft. ;  from  the  W^hite  to  the  Yazoo  0.317  ft;  from  the  Yazoo  to  the  Eed 
0.265  ft. ;  from  the  Eed  to  the  Head  of  the  Passes  0.180  ft.,  and,  then, 
when  this  combined  discharge  is  subdivided  between  the  several 
Passes  to  the  Gulf,  the  slope  is  again  increased  to  about  0.3  ft.  per 
mile.  Throughout  this  course,  in  which  the  slope  is  steadily  de- 
creased as  the  volume  is  increased,  discharge  observations  show 
that  substantially  the  same  mean  flood  velocity  prevails,  from  Cairo  to 
the  Gulf,  and,  therefore,  the  finer  material  found  in  suspension  or 
rolled  along  the  bottom  is,  toward  the  lower  end,  more  readily  trans- 
ported. 

Wherever,  in  its  course,  the  flood  discharge  of  the  river  is  de- 
creased, a  contraction  of  waterway  by  deposit  has  been  observed. 
This  statement  applies  both  to  the  long  reaches  along  the  fronts  of 
basins,  where,  during  unleveed  ages,  one-third  of  the  discharge  of 
great  floods  has  escaped  over  the  banks,  to  be  collected  and  i-eturned 
to  the  river  by  the  natural  drainage  system,  and  also  to  the  outlet 
through  crevasses  of  magnitude,  discharging  200  000,  300  GOO,  and  even 
400  000  cu.  ft.  per  second. 

Surveys,  having  for  their  direct  object  the  ascertainment  of  any 
changes  in  the  bed  of  the  stream  afi"ecting  its  channel  capacity,  as  the 
result  of  natural  causes  or  as  the  result  of  levee  building,  have  dis- 
closed a  general  movement  toward  uniformity  in  depth  and  an  increase. 
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Mr.  llaiTod.  of  channel  capacity.  These  observations  were  not  confined  to  a  single 
gauge  station  or  cross-section,  but  were  continued  for  fifteen  years 
over  hundreds  of  miles  of  river  and  thousands  of  cross-sections. 

That  jjart  of  the  subject  relating  to  the  elevation  of  the  river  bed 
has  been  discussed  with  learning  and  authority  by  General  C.  B.  Com- 
stock,  M.  Am.  Soc.  C.  E.,  with  the  following  conclusion*: 

' '  The  opinion  so  often  held  that  levees  cause  a  river-bed  to  riseis  prob- 
ably due  to  the  fact  that  the  bed  of  a  river  does  sometimes  rise  although 
leveed,  and  hence  it  is  concluded  that  the  levees  cavise  the  rise.  Any  sedi- 
mentary stream,  having  a  definite  succession  of  stages  and  discharges 
and  flowing  in  its  own  alluvion,  finally  takes  such  a  slope  as  will  give 
a  velocity  sufficient  to  enable  it  to  carry  its  sediment,  whether  derived 
from  above  or  from  its  own  banks  and  bed,  farther  down-stream,  with- 
out, on  the  whole,  scouring  or  filling  its  bed.  An  average  velocity 
less  than  this  will  give  rise  to  deposits  in  its  bed,  or  if  it  is  crooked  it 
will  become  straight,  thus  in  either  case  increasing  its  slope  and  ve- 
locity towards  their  normal  values.  An  average  velocity  greater  than 
this  will  scour  its  bed,  or  cause  caving  in  its  concave  bends,  thus  in- 
creasing its  length  and  diminishing  its  slope  and  velocity  to  such  val- 
ues as  its  bed  can  bear  without  on  the  whole  scouring  or  filling. 
When  therefore  the  slope  of  a  sedimentary  stream  suddenly  dimin- 
ishes from  that  which  it  needs  for  a  stable  regimen  its  velocity  also 
diminishes  ;  it  drojjs  jjart  of  its  alluvion,  and  its  bed  rises.  Thus, 
when  the  Mississippi  enters  the  Gulf  of  Mexico,  its  slope  suddenly  di- 
minishes ;  its  velocity  diminishes,  and  it  builds  wp  bars  out  in  deep 
water.  So  the  Adige,  when  it  reaches  the  low  plains  of  the  Po,  needs 
for  i^ermanence  a  steeper  slope  than  the  country  has,  and  raises  its 
bed  above  it.     In  all  these  cases  the  bed  would  rise  without  levees." 

'•  There  is  one  more  cause  for  the  rise  of  bed  of  a  sedimentary  river, 
which,  however,  acts  at  a  very  slow  rate.  The  Mississippi  pushes  its 
mouths  out  into  the  Gulf  at  the  rate  of  about  4  miles  in  a  century,  and 
this  increase  in  length  requires  a  corresponding  increase  in  fall  of 
water  surface  to  make  the  waters  flow  out.  An  increase  of  4  miles  in 
length  would,  with  existing  slopes,  raise  the  high-water  surface  at 
New  Orleans  about  0.7  ft.  The  cost  of  raising  levees  to  correspond 
with  this  rise  in  the  water  surface  would,  as  has  already  been  stated, 
be  a  small  part  of  the  annual  cost  of  the  system." 

That  the  confinement  of  floods  between  levees  would  have  the  im- 
mediate eSfect  of  increasing  flood  heights  was,  of  course,  anticipated. 
But  it  can  be  said,  even  on  the  assumption  of  a  permanent  or  inerosi- 
ble  bed,  that  this  increase  of  height  will  only  be  in  proportion  to  the 
increase  of  discharge,  and  that  to  this  there  is  a  limit.  There  have 
been  facts  given  in  the  opening  of  this  discussion  which  lead  to  the 
conclusion  that  this  limit,  as  far  as  the  discharge  of  the  affluents  is 
concerned,  has  been  nearly,  if  not  quite,  reached,  and  that  there  only 
remains  the  improbable  contingency  of  a  more  synchronous  combina- 
tion of  tributary  discharges  than  has  ever  yet  been  known.  But  the  bed 
is  not  inerosible,  and  there  are  reasons  given  in  the  preliminary  dis- 
cussion why  the  forces  of  a  uniform  and  combined  flood  volume  will, 
in  time,  remove  the  accumulation  of  sediment  left  in  the  bed  by  high 
*  Appendix  A,  Report  of  the  Mississippi  River  Commission  for  1890. 
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waters  depleted  along  the  basin  fronts  through  ages  of  overflow,  and  Mr.  Harrod. 
thus  abate  the  increased  flood  heights  now  experienced  as  the  immedi- 
ate result  of  levee  building. 

Eeservoirs  and  outlets,  like  levees,  must  be  judged  both  by  their 
conformity  to  hydraulic  theory  and  by  their  practicability.  With- 
holding the  excessive  part  of  the  flood  discharge  of  the  tributary  by 
reservoirs  is  distinctly  an  aid  in  abating  flood  heights  in  the  lower 
river,  and  thus  in  the  reclaiming  of  its  low  lands  from  inundation,  and 
the  same  means  serve  for  irrigation  where  most  needed.  Thus  the 
irrigation  of  the  arid  lands  and  the  leveeing  of  the  alluvial  lands  are 
closely  connected  as  co-operative  projects.  Unfortunately,  the  j)racti- 
cable  extension  of  the  reservoir  system  is  very  limited.  It  finds  no  ap- 
plication on  the  Ohio,  and  very  little,  as  a  factor  in  reducing  floods  on 
the  lower  river,  on  the  Upper  Mississippi. 

Below  Cairo  it  is  quite  impracticable.  The  only  basin  which  has 
been  proposed  as  a  reservoir  site — the  St.  Francis — comprises  6  000 
sq.  miles  of  land  of  great  fertility  and  increasing  value,  the  homes 
and  improved  properties  of  a  large  laoi^ulation,  and  hundreds  of  miles 
of  railroads,  not  to  mention  two  Congressional  Districts.  Besides  the 
acquisition  of  the  necessary  rights,  the  works  for  impounding  and  con- 
trolling the  surplus  flood  waters  would  be  very  extensive  and  costly, 
requiring  skillful  and  probably  dangerous  maintenance  and  operation. 
Theoretical  questions  concerning  the  permanence  of  channel  capacity 
and  of  continued  flood  relief  with  a  reduced  discharge  also  arise  as  ob- 
jections to  such,  a  project.  At  this  late  period,  when  the  basin  is  so 
largely  occupied  and  advancing  in  wealth  so  rapidly,  and  when  the 
levee  system  for  its  protection  is  so  far  advanced,  the  proj^osition  does 
not  pi-esent  either  economic  or  engineering  advantages.  The  present 
and  prospective  value  of  the  site  for  farming  and  industrial  purjDoses 
is  enormous,  and  its  protection  from  overflow  by  levees  can  be  accom- 
plished more  cheaply,  more  safely  and  at  an  earlier  time,  than  by  any 
other  method. 

The  theoretical  objections  to  outlets  are  well  stated*  by  General 
Comstock  as  follows: 

' '  A  sedimentary  river  flowing  in  its  own  alluvion  only  acquires  a  stable 
regimen  when  it  has  taken  a  slope  suitable  to  its  varying  discharges 
and  to  the  material  through  which  it  flows;  and,  as  a  rule,  these  sloj^es 
diminish  as  the  size  of  the  river  increases,  and  increase  as  the  size  of  the 
river  decreases." 

*  *  *  *  -X-  -X-  •)«■  « 

"  These  examples  are  sufficient  to  illustrate  the  general  rule  already 
stated,  that  sedimentary  rivers  flowing  in  their  own  alluvion  take 
larger  slopes  the  smaller  they  are.  Hence,  if  at  Lake  Borgne  or  else- 
where in  its  Delta,  the  Mississippi  were  divided  into  two  rivers,  since 
each  would  be  smaller  than  the  present  river,  the  two  new  rivers  would 
go  to  work  to  obtain  the  new  and  steeper   slopes  suited  to  dimensions 

*  Appendix  B,  Report  of  the  Mississippi  River  Commission  for  1890. 
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Mr.  Harrod.  smaller  than  those  of  the  original  river,  and  hence  would  build  up 
their  beds.  This  jirocess  woiikl  only  cease  when  the  steeper  slopes 
needed  by  each  were  obtained.  Since  both  rivers  would  then  have 
one  end  at  the  gulf,  and  have  steej^er  slopes  uji  to  their  jjoint  of  di- 
vergence than  the  main  river  now  has,  the  flood  surface  of  the  river  at 
that  point  would  be  higher  than  now." 

******** 

"  It  may  be  concluded  that  the  reduction,  by  any  large  amount,  of 
the  flow  of  the  Mississippi  at  Lake  Borgne  will  be  ultimately  followed 
by  a  rise  in  the  flood  heights  at  that  place  and  a  shoaling  of  the  river 
below  and  at  its  mouth." 

******** 

"Both  theory  and  experience  show  that  when,  at  all  stages,  a 
reduction  in  the  size  of  a  river  flowing  in  alluvial  soil  is  made,  or  the 
river  is  si3lit  in  two,  the  smaller  rivers  gradually  take  greater  slojies 
than  the  main  river  had.  Hence  both  the  main  river  and  the  new 
river  would  gradually  increase  their  slopes  to  suit  the  new  conditions. 
Since  the  slope  begins  at  the  Gulf,  it  can  not  become  greater  on  the 
main  river  below  Lake  Borgne,  which  is  now  nearly  straight,  without 
increasing  flood  heights  at  Lake  Borgne.  After  some  years,  then,  if 
both  routes  to  the  sea  remained  large  rivers,  the  flood  level  above  the 
outlet  would  be  higher  than  it  is  now,  unless,  as  indeed  is  not  im- 
probable, the  large  amount  of  sediment  which  would  be  dropped  into 
Lake  Borgne  (where  the  flood  velocities  would  at  first  be  but  about 
one-sixth  of  those  in  the  Mississipiji)  should  close  this  outlet,  thus 
repairing  the  injury  done  to  the  main  river.  A  large  diversion  of  flow 
from  the  Mississippi  to  Lake  Borgne  would  also  seriously  diminish 
the  depths  at  the  present  mouths  of  the  river." 

When  to  these  objections  are  added  the  practical  difficulties  and 
costs  of  controlling  the  discharge  of  an  outlet  with  additional  levees 
and  regulation  works,  the  conclusion  is  inevitable  that  the  reclamation 
of  the  alluvial  valley  from  overflow  can  be  accomplished  most  cheaply, 
safely  and  speedily  by  the  completion  of  the  levee  system  to  sufficient 
grades  and  dimensions. 
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Rudolph  Heeing,  M.  Am.  Soc.  C.  E.  (by  letter). — The  writer's  com-  Mr.  Hering. 
pulsory  absence  prevents  him  from  opening  this  discussion  in  person, 
as  he  had  intended,  namely,  to  outline  the  entire  subject  in  its  essential 
parts,  dwelling  upon  those  methods  which  are  now  more  or  less  on  trial, 
and  concerning  which  there  is  a  lack  of  enough  experience  to  eliminate 
all  differences  of  opinion.  Instead,  he  sends  the  following  brief 
remarks : 

This  subject  stands  to-day,  in  a  totally  different  light  from  what 
it  did  less  than  twenty-five  years  ago.  A  complete  purification  of 
sewage  now  resolves  itself  into  the  necessity  of  establishing  the  best 
conditions  for  the  most  suitable  bacterial  life  to  become  most  effective, 
because  only  in  recent  years  have  we  recognized  this  minute  life  to  be 
the  essential  feature  in  the  process. 

Bacteria  may  be  active  in  flowing,  or  in  large  bodies  of  compara- 
tively quiet,  water.  To  get  the  desired  effect,  the  bacteria  contained 
in  the  sewage  itself,  its  proper  dilution,  accomplished  in  an  inoffensive 
manner,  is  therefore  one  of  the  imj)ortant  questions,  and  it  is  not  yet 
comjdetely  answered. 

The  purifying  bacteria  may  also  be  active  in  porous  soil,  notably 
in  sand,  and  in  imitation  of  Nature's  jjroduction  of  spring  water,  the 
result  may  be  completely  satisfactory  under  suitable  conditions,  which 
are  now  fairly  well  iinderstood. 

Under  still  other  conditions,  a  different  class  of  bacteria,  also  con- 
tained in  sewage,  is  brought  into  service,  or  the  same  bacteria  may 


416  DISCUSSION"    ON    SEWAGE    PURIFICATION. 

Mr.  Hering.  be  brought  to  act  under  modifiecl  conditions,  and,  with  the  aid  of 
the  liqtiefying  process  of  jjutrefaction  caused  by  them,  we  may  get  rid 
of  much  of  the  suspended  matter,  which  is  the  most  troublesome 
element  in  all  phases  of  sewage  purification.  But  such  aid  only  par- 
tially solves  the  problem.  Bacteria  must  again  be  set  to  work  to 
convert  the  liquid  sewage  finally  into  mineral  and  inoffensive  solutions. 
In  order  to  gain  this  end,  a  number  of  practical  ways  of  accomplishing 
these  different  processes  are  now  in  use. 

Numerous  local  conditions  have  been  the  cause  of  a  variety  of 
solutions,  some  of  which  are  still  on  trial  and  await  further  investi- 
gations and  study  from  actual  experience  on  a  large  scale.  In  America 
and  in  Europe  this  exi)ei'ience  is  now  being  gathered,  and  a  general 
discussion  of  the  recent  results  gained  should  be  instructive  and 
valuable. 
Ml.  Rafter.  Geokge  W.  Raftek,  M.  Am.  Soc.  C.  E.  (by  letter). — Sewage  dis- 
posal has  always  been  a  simple  enough  matter  to  the  non-technical 
people  who  mostly  control  the  affairs  of  municipalities,  but  to  those 
charged  with  its  administration,  it  has  been,  and  still  continues  to  be, 
exceedingly  complex.  The  latter  class  are  conservative  in  estimates 
and  statements,  while  the  former  are  positive  that  they,  at  any  rate, 
have  struck  the  final  solution. 

When  the  matter  is  examined  historically,  it  is  found  that  sewage 
disposal,  pendulum-like,  has  swung  back  and  forth  between  certain 
extremes.  From  fifty  to  sixty  years  ago  the  sewage  nuisance  had  so 
far  forced  itself  upon  public  attention  that  a  considerable  number  of 
works  were  constructed  in  England,  and  in  the  report  of  Henry  Austin, 
"On  the  Means  of  Deodorizing  and  Utilizing  the  Sewage  of  Towns," 
published  in  1857,  a  general  resume  of  the  subject  is  given.  At  that 
time,  chemical  precipitation  was  coming  into  use,  and  extravagant 
notions  of  the  value  of  the  manure  to  be  obtained  were  indulged  in. 
It  is  unnecessary  to  state  that  none  of  these  methods  has  justified  the 
hopes  of  its  inventors.  A  great  many  patents  were  taken  out  for 
various  chemical  processes,  from  about  1835  to  1860  or  1870,  but  the 
majority  of  these  patents  were  so  impractical  as  never  to  go  into 
operation.  Indeed,  sewage  disposal,  owing  perhaps  to  its  complex 
nature,  is  not  properly  subject  to  patents.  The  useful  developments, 
thus  far,  have  been  mostly  the  work  of  scientific  men,  and  ordinary 
inventors  have  scarcely  contributed  anything  thereto,  nor  are  they 
likely  to,  because  the  complexity  of  the  operations  is  such  as  to  be 
beyond  them. 

The  separation  of  the  solid  matters  in  stispension  by  sedimentation, 
straining  or  filtration,  however,  is  an  interesting  process,  which  was 
tried  in  England  about  the  year  1850,  and  which,  from  its  developing 
on  lines  quite  similar  to  what  is  now  known  as  the  septic  process,  may 
be  considered  a  little  at  length.     Mr.  Austin  describes  the  works  at 
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Oheltenham,    England,    for    what  he    calls  a  mechanical  process   for  Mr.  Rafter, 
separating  the  solid  matter  of  sewage,  as  follows: 

"The  building  is  divided  longitudinally,  forming  below  ground 
two  sets  of  reservoirs  or  tanks,  which  are  employed  alternately.  The 
sewage  passes  through  vertical  filters  in  the  upper  and  lower  tanks, 
whereby  the  great  bulk  of  the  matters  in  suspension  is  separated  and 
retained.  These  filters  are  5  ft.  deep  and  2  ft.  thick,  and  consist  of 
coarse  gravel  inclosed  within  2-in.  perforated  boards,  these  being  pro- 
tected with  basket  work  to  prevent  clogging. 

"The  heavier  matters  of  the  sewage  deposit  themselves  at  the 
bottom  of  the  tanks,  but  a  large  proportion  of  the  solid  forms  itself 
into  a  floating  body,  and  accumulates  to  about  18  ins.  thick  on  the 
surface.  The  liquid  is  conveyed  from  the  angular  filters  in  the  upper 
tanks  by  a  line  of  pipes  in  each  division. 

"A  weir,  or  rather  division,  in  the  third  or  lining  tank,  causes  the 
water,  then  partially  clear,  to  flow  through  a  channel  at  each  end, 
during  its  passage  through  which  a  certain  proportion  of  cream  of 
lime,  mixed  on  the  floor  above,  falls  into  it,  and  occasions  a  further 
precipitation  to  take  place.  The  effluent  water  then  passes  through 
another  filter  with  gravel  finer  than  before,  and  then  through  a  third, 
finer  still,  to  the  outfall. 

"  When  either  reservoir  contains  a  certain  amount  of  solid  matter, 
the  flow  of  sewage  is  cut  ofi"  and  turned  into  the  other.  This  takes 
place  abotit  every  eight  weeks,  and  the  filtering  mediiim  of  gravel  is 
removed  at  the  same  time  and  washed.  The  contents  of  the  tanks 
which  are  in  a  state  of  '  slush '  are  then  hoisted  in  buckets  through  the 
trap  lids  on  to  the  floor  above,  and  wheeled  out  and  mixed  with  the 
scavenger's  refuse  of  the  town,  the  ashes,  street  sweepings,  etc.  These 
are  brought  to  the  yard,  and  a  kind  of  embanked  reservoir  is  formed 
of  them  immediately  outside  the  building,  and  as  the  semi-solid 
sewage  is  wheeled  into  the  midst,  the  dry  refuse  outside  is  turned  on 
to  it.  The  liquid  is  at  once  absorbed,  and  after  being  turned  over  and 
thoroughly  intermixed,  the  solid  mass  is  fit  for  immediate  removal 
and  use. 

"The  ashes  and  dry  refuse  of  the  town  are  said  to  be  just  sufficient 
for  the  purpose.  They  absorb  about  two-thirds  of  their  bulk  of  sew- 
age; that  is  to  say,  one  cubic  yard  of  the  ashes,  etc.,  and  two-thirds  of 
a  cubic  yard  of  the  semi-fluid  sewage,  make  only  one  cubic  yard  of 
solid  manure. " 

The  foregoing  quotation  is  especially  interesting  as  indicating  that 
Mr,  Austin  observed  an  operation  in  the  Cheltenham  tanks  exactly  as 
is  now  known  to  exist  in  a  septic  tank;  that  is,  the  heavier  matters 
deposit  themselves  at  the  bottom,  while  a  considerable  portion  of  the 
solids  forms  itself  into  a  floating  body,  accumulating  to  the  thickness 
of  about  18  ins. ,  on  the  surface.  In  view  of  this  fact,  it  seems  fair  to 
say  that  in  a  practical  way  Mr.  Austin  was  in  reality  the  discoverer  of 
the  sejatic  tank.  Nevertheless,  the  real  significance  of  the  septic  tank 
— the  fact  that  the  changes  going  on  are  biological— was  not  appreciated 
by  him,  as  is  shown  by  his  calling  it  a  "  mechanical  process  for  separ- 
ating the  solid  matter  of  sewage."  Nor,  indeed,  does  anyone  seem  to 
have  appreciated  the  significance  of  these  tanks,  although  a  number  of 
them  were  built  and  operated  in  England,  with  such  success  as  is  pos- 
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Mr.  Hatter,  sible  for  that  kind  of  a  tank,  but  the  so-called  chemical  i)urification 
process  forged  rajiidly  to  the  front,  and  mechanical  separation — which 
is  now  called  septic  action — was  lost  sight  of  for  a  number  of  years, 
and  chemical  purification  became  for  a  time  the  leading  form  in 
England. 

In  the  meantime,  land  purification  processes,  where  the  proper 
conditions  obtained,  were  slowly  gaining  ground.  These  processes 
have  always  labored  under  this  disadvantage,  that  not  being  in  any  way 
subject  to  patent,  they  have  never  had  the  booming  which  chemical 
precipitation  and  purification  by  septic  action  have  received,  although 
whether  this  is  so  great  an  advantage  may,  perhaps,  be  an  open  ques- 
tion. At  any  rate,  the  progress  which  such  processes  have  made, 
while  slow,  has  nevertheless  been  sure,  until  we  are  justified  in  saying 
that  where  proper  conditions  obtain,  broad  irrigation  and  intermittent 
filtration  are,  all  things  considered,  the  most  satisfactory  systems  yet 
worked  out.  As  a  broad  iiroposition,  in  consideration  of  the  value  of 
the  crops  produced,  broad  irrigation  is  the  cheapest  system  yet 
devised.  Experiments  at  Berlin,  Paris,  Croyden,  Doncaster,  Bir- 
mingham and  other  places,  show  that  large  crops  may  be  produced, 
and  eaten  without  prejudice  to  health. 

Let  us  now  consider  the  recent  development  of  sewage  purificatiou 
by  means  of  bacterial  action.  This  has  been  a  favorite  subject  for 
consideration  by  a  number  of  biologists,  scientific  writers,  etc.,  for  a 
good  many  years.  The  history  of  the  matter  will  not  be  gone  into  at 
length  at  this  time,  any  further  than  to  point  out  two  or  three  signifi- 
cant guide  posts  along  the  line.  Like  all  other  discoveries,  its  devel- 
opment has  been  gradual,  and  is  the  work  of  many  men  instead  of  one. 

As  far  as  can  be  learned,  Dr.  Alexander  Mueller  was  the  first  person 
to  appreciate  clearly  that  bacteria  were  the  prime  agents  in  sewage 
purification.  About  1880,  Dr.  Mueller  took  out  a  patent,  endeavoring 
to  utilize  the  micro-organisms  in  sewage  for  purposes  of  purification. 
Works  were  built  under  this  patent,  and  were  in  operation  for  some 
time,  to  purify  the  effluent  of  a  manufacturing  establishment  for  beet 
sugar.     Dr.  Mueller  says: 

"  The  contents  of  sewage  are  chiefly  of  organic  origin,  and  in  con- 
sequence of  this,  an  active  process  of  decomposition  takes  place  in 
sewage,  through  whicli  the  organic  matters  are  gradually  dissolved  into 
mineral  matters,  or,  in  short,  are  mineralized,  and  thus  become  fit  to 
serve  as  food  for  plants.  To  the  superficial  observer  this  process 
appears  to  be  a  chemical  self-reduction;  in  reality,  however,  it  is 
chiefly  a  i^rocess  of  digestion,  in  which  the  various,  mostly  micro- 
scopically small,  animal  and  vegetable  organisms  utilize  the  organi- 
cally fixed  power  for  their  life  purjjoses. 

"The  decomposition  of  sewage  in  its  various  stages  is  characterized 
by  the  appearance  of  enormous  numbers  of  spirilla,  then  of  vibrios 
(swarming  spores),  and,  finally,  of  moulds.  At  this  stage  commences 
the  reformation  of  organic  substance,  with  the  appearance  of  the 
chlorophyl-holding  protococcus,  etc." 


DISCUSSION    ON    SEWAGE    PURIFICATION.  419 

In  tlie  meantime,  in  December,  1881,  and  January,  1882,  an  account  Mr.  Rafter, 
of  Mouras'  automatic  scavenger  was  jiublished  in  France.  This 
apparatus  consists  of  a  closed  vault  with  a  water-seal,  which  it  is 
stated  rapidly  transformed  excrementitioiis  matters  into  a  homo- 
geneous fluid,  only  slightly  turbid,  and  holding  the  solid  matters  in 
suspension  in  the  form  of  scarcely  visible  filaments.  The  principle 
ujion  which  the  automatic  scavenger  acts  is  that  animal  dejecta  con- 
tain within  themselves  all  the  principles  of  fermentation  necessary  to 
liquify  them  and  to  render  them  useful.  Later  observations  show 
that  Mouras'  view,  that  animal  dejecta  contain  within  themselves  the 
fermentative  principle,  is  fundamentally  true,  and,  in  this  particular, 
Mouras,  with  Dr.  Mueller,  was  in  advance  of  the  scientific  workers  of 
that  day. 

A  number  of  investigators  Avere  at  work  upon  the  general  problem , 
and  in  May,  1886,  Dr.  Dupre,  in  discussing  a  paper  of  Dr.  Tidy's,  at 
the  Society  of  Arts  of  England,  proposed  to  cultivate  bacteria  on  a 
large  scale,  discharging  them  with  an  effluent  into  a  river  where  they 
might  be  expected  to  further  purify  sewage. 

In  January,  1887,  Mr.  Dibdin  read  a  paper,  before  the  Institution  of 
Civil  Engineers,  in  which  he  disciassed  the  propriety  of  using  large 
quantities  of  lime.  At  that  time  many  chemists  claimed  that  lime 
was  especially  valuable  in  sewage  purification  because  it  destroyed 
living  organisms,  such  as  bacteria,  which  give  rise  to  putrefaction,  the 
idea  being  that,  if  all  the  organisms  could  be  destroyed,  sewage  would 
be  rendered  innocuous.  Mr.  Dibdin  took  the  ground  that  the  very 
essence  of  the  sewage  jniritication  is  not  the  destruction  of  bacterial 
life,  but  is  the  resolution  of  organic  matter  into  other  combinations. 
Hence,  it  follows  that  an  antiseptic  process  is  the  very  reverse  of  the 
object  to  be  aimed  at.  That  is  to  say,  a  septic  process  is  required, 
and  hence  the  name  septic  sewerage  applied  later  on  to  designate  this 
process. 

In  November,  1887,  the  Massachusetts  State  Board  of  Health  com- 
menced their  classical  experiments  on  the  purification  of  water  and 
sewage  by  filters.  The  first  two  volumes  of  the  reports,  published  in 
1890,  laid  the  foundations  of  the  modern  development  of  bacterial 
sewage  purification  processes.  The  experiments  were  carried  out 
with  an  unparalleled  wealth  of  detail,  and,  taken  all  in  all,  they  are 
still  unapproached  by  work  done  anywhere.  The  reports  have  been 
continued  from  year  to  year  down  to  the  present  time.  As  far  as 
known  to  the  writer,  no  criticism  of  the  work  of  the  Massachusetts 
State  Board  of  Health  has  ever  been  made,  except  that  their  experi- 
ments were  on  somewhat  too  limited  a  scale  to  be  entirely  comparable 
with  practice,  nevertheless,  the  general  deductions  have  been  con- 
firmed at  a  very  large  number  of  sewerage  works,  both  in  Europe  and 
America. 
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Mr.  Rafter.  An  English  engineer,  W.  D.  Scott  Moncrieflf,  constructed  experi- 
mental works  for  the  bacterial  purification  of  sewage  in  1891.  He 
constructed  a  bacterial  tank,  in  which  the  old  principle  of  upward 
filtration  was  applied,  the  criide  sewage  being  admitted  from  below 
and  gradually  flowing  upward  through  a  bed  of  stones.  In  this  way- 
he  found  that  the  liquefaction  of  solids  was  so  effective  that  the  sludge 
of  ten  persons  was  absorbed  on  9  sq.  yds.  of  land.  The  space  beneath 
had  a  capacity  of  less  than  5  cu.  ft.,  and  would  obviously  have  filled 
up  except  for  the  liquefying  action  which  had  taken  place. 

In  1892,  Mr.  Dibdin  began  his  experiments  on  filtration  through 
coarse  material,  such  as  burnt  ballast,  coke  breeze,  gravel,  etc.,  the 
object  being  to  obtain  a  high  degree  of  porosity,  with  power  of 
reabsorbing  atmosijheric  oxygen.  In  the  first  series  of  experiments 
made,  wooden  tanks,  with  an  area  of  voo  of  an  acre,  were  used. 

In  the  second  series,  the  filter  covered  an  acre  of  land,  the  material 
consisting  of  3  ft.  of  pan  breeze,  with  3  ins.  of  gravel.  These  experi- 
ments were  continued  from  September,  1892,  to  November,  1896. 
Space  will  not  be  taken  to  indicate  the  results,  any  further  than  to 
say  that,  generally,  the  bacterial  purification  of  sewage  was  advanced 
considerably  thereby. 

In  the  meantime,  Mr.  Dibdin  had  also  conducted  exi^eriments  for 
the  Sutton  Urban  District  Council,  and,  in  1896,  constructed  a  bacteria 
tank  for  that  authority.  This  tank  was  fairly  satisfactory,  and,  in 
1897,  the  District  Council  gave  orders  for  a  second  tank  to  be  turned 
into  a  similar  bacteria  bed  for  treating  crude  sewage.  The  first  tank 
was  filled  with  raw  sewage  entirely  untreated  except  that  it  had  been 
strained  through  a  screen  to  intercept  the  grosser  particles.  During 
seventy-six  days,  sewage  was  treated  at  the  rate  of  773  000  galls,  per 
acre  per  day,  rest  period  included.  In  the  London  experiments, 
1  000  000  galls,  of  the  efiiuent  from  chemical  jirecipitation  were  treated 
on  the  burnt  ballast  bed  of  one  acre,  as  against  about  60  000  galls,  per 
acre  per  day  treated  through  coarse  sand,  as  j^er  the  system  of  the 
Massachusetts  State  Board  of  Health. 

About  1897,  Mr.  Cameron  designed  and  placed  in  operation  at 
Exeter,  England,  a  septic  tank.  This  tank  is  the  septic  tank  as  we 
now  understand  it.  Its  features  are  the  reception  of  sewage,  without 
any  preliminary  treatment,  in  a  covered  tank  having  a  capacity  equal 
to  anywhere  from  12  to  24  hours'  flow  of  sewage.  The  cross-sectional 
area  of  this  tank  is  large  enough  to  permit  the  sewage  passing  very 
slowly  through  it,  thereby  depositing  the  heavy  matters,  leaving  only 
the  lighter  ones  to  pass  forward  with  the  water  to  the  coke  breeze 
filter  beds,  constructed  on  the  same  plan  as  in  the  London  experi- 
ments. A  comparison  of  the  plans  of  Mr.  Cameron's  tanks  shows 
that  in  the  essentials  it  is  similar  to  the  tank  in  use  at  Cheltenham, 
England,  and  also  the  experimental  tank  proposed  by  Mr.  Austin  in 
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his  report  of  1857.     To  appreciate  this  fact,  one  needs  to  have  Mr.  Mr.  Rafter. 
Austin's  report  before  him,  together  with  plans  of  a  Cameron  tank. 

The  septic  tank  has  been  experimented  upon  by  the  Massachusetts 
State  Board  of  Health,  and  a  large  amoiint  of  valuable  matter  is  given 
in  the  reports  of  1898-1901,  inclusive.  These  experiments,  however, 
are  on  somewhat  too  small  a  scale  to  be  decisive,  although  probably 
the  main  conclusions  will  be  verified  by  more  extended  experiments. 
The  most  satisfactory  experiments  carried  out  in  the  United  States 
have  been  made  at  Worcester,  Mass. 

As  to  the  success  attained  in  the  purification  of  septic  sewage,  as  a 
whole,  the  results  are  somewhat  contradictory,  although,  under 
certain  conditions,  the  j^rocess  may  be  a  material  addition  to  a  sewage 
purification  plant,  but  success  cannot  be  depended  upon  in  every 
case.  Apparently,  a  distinction  must  be  made  between  fresh,  stale 
and  septic  sewage,  and  sewage  mixed  with  refuse  manufacturing 
waste,  such  as  refuse  from  tanneries,  slaughter-houses,  acid-works, 
cheese  factories,  etc.  All  these  different  forms  of  pollution  need  to 
be  exi^erimented  upon  before  a  final  general  rule  can  be  formulated. 

As  regards  the  treatment  of  fresh  sewage,  the  results  indicate  that 
an  accumulation  of  sludge  within  the  septic  tank  must  be  expected, 
and  amounts  to  a  considerable  percentage  of  that  originally  present  in 
the  sewage  on  entering  the  tank.  Enthusiastic  advocates  of  bacterial 
purification  have  affirmed  an  entire  doing  away  with  the  skidge  diffi- 
culty, but,  thus  far,  this  claim  has  not  been  verified.  The  sludge  diffi- 
culty still  remains,  and  when  sewage  works  are  operated  on  a  large 
scale,  will  be  the  source  of  considerable  trouble  in  the  future,  as  it 
has  been  in  the  past. 

With  stale  sewage,  which  has  undergone  mechanical,  chemical  and 
bacterial  action  while  flowing  through  the  sewers,  it  is  possible  that 
the  action  in  the  tank  will  be  much  more  satisfactory  than  in  the 
previous  case.  Experiments  indicate  that  a  considerable  proportion 
of  the  organic  matter  in  susj^ension  willbe  removed  either  by  liquefac- 
tion or  by  changing  to  a  gaseous  form,  and  that  its  effluent  can  easily 
be  further  purified  by  filtration. 

In  the  case  of  septic  sewage,  which  has  already  been  subjected  to 
bacterial  action,  further  bacterial  processes  may  not  only  be  unneces- 
sary, but  even  harmful,  because  they  render  sewage  difficult  to  purify 
by  subsequent  oxidation. 

As  to  the  effect  on  sewage  containing  manufacturing  wastes,  the 
report  of  Messrs.  Kinnicutt  and  Eddy,  ' '  The  Action  of  the  Septic  Tank 
on  Acid  Iron  Sewage,"  is  perhaps  the  most  authoritative  of  any 
experiments  thus  far  instituted.  These  gentlemen  state  that  from 
the  slow  passage  of  an  acid  iron  sewage  containing  an  amount  of 
organic  matter,  represented  by  about  one  part  of  albuminoid 
ammonia  in  one  hundred  thousand  jaarts,  an  amount  of  iron  in  solu- 
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Mr.  Rafter,  tiou  from  five  to  eight  parts  and  the  free  acid  in  terms  of  sulphuric 
acid  about  ten  parts  in  one  hundred  thousand  jDarts,  the  following 
results  may  be  expected: 

"  (1)  That  about  one-fourth  of  the  total  solid  matter  contained  in 
the  sewage  will  be  removed. 

"  (2)  That  the  effluent  from  the  tank  will  contain  about  20%"  less 
soluble  matter  than  the  crude  sewage,  owing  to  the  soluble  matter  in 
the  sewage  being  decomposed  or  changed  into  insoluble  substances. 

"  (3)  That  the  amount  of  susi)ended  matter  removed  from  the 
sewage  will  not  greatly  exceed  '60%  unless  special  j^recautions  are 
taken  to  retain  in  the  tank  the  finely  divided  iron  sulphide,  formed 
by  the  reduction  of  the  soluble  iron  sulphate  in  the  sewage. 

"  (4)  That  the  amount  of  organic  matter  removed  from  the  sewage, 
as  determined  from  the  albuminoid  ammonia,  will  average  from  20  to 
25  per  cent. 

"  (5)  That,  of  the  suspended  matter,  the  amount  removed  will 
average  a  little  under  50?^^',  and  that  the  amount  of  soluble  organic 
matter  removed  will  not  average  much  more  than  10>V  of  the  soluble 
organic  matter  in  the  sewage." 

It  is  also  stated  that  while  the  sludge  from  such  a  tank  will  be 
proportionately  from  60  to  70%*  of  the  original,  nevertheless,  not 
more  than  ^0%  will  require  to  be  removed,  owing  to  the  fact  that 
the  sludge  in  a  septic  tank  contains  less  water  than  in  a  sedimentation 
tank. 

The  definite  results  gained  by  the  Massachusetts  State  Board  of 
Health  and  at  Worcester  show  that  the  ptiriflcation  efiected  by  a 
septic  tank  is  so  slight  as  to  be  of  very  little  advantage,  and  the 
septic  tank,  alone,  cannot  be  considered  a  means  of  sewage  purifi- 
cation.    It  must  be  considered  a  method  of  transformation,  merely. 

In  conclusion,  the  writer's  view  is  that  while  the  sej^tic  tank,  and 
pui'iflcation  by  bacteria  generally,  has  considerably  advanced  our 
knowledge  of  sewage  purification,  nevertheless,  as  a  method,  it  will, 
in  the  end,  take  its  place  with  mechanical  separation,  chemical  purifi- 
cation and  many  others,  which  have  been  temporary  fads  only,  but 
that  land  purification  processes,  where  there  is  suitable  land  available, 
have  the  advantage  of  not  only  effective  purification,  but,  by  reason  of 
the  value  of  the  crops,  make  possible  a  jjartial  or  complete  return  on 
the  outlay.  Where  suitable  land  is  not  available,  less  efficient  pro- 
cesses are  permissible. 
aax,l,eConLe.  L.  J.  Le  CoNTE,  M.  Am.  Soc.  C.  E.  (by  letter)  — Sewage  purifica- 
tion is  rapidly  becoming  a  matter  of  grave  jiublic  importance,  and 
calls  for  a  high  type  of  intelligent  supervision  in  order  to  insure  good 
results. 

In  the  younger  States  of  the  Union,  the  population  being  sparse, 
the  question  of  stream  pollution  does  not  arise,  but  as  the  population 
increases  and  manufacturing  establishments  begin  to  develoj),  the  pol- 
lution troubles  begin  to  show  themselves,  and  endless  complaints  are 
duly  filed,  and  end  in  the  Courts  with  suits  for  damages  sustained. 
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The  oldest  and  most  densely  populated  State  in  the  Union  is  Mr.  Le  Conte. 
Massachusetts,  and  there  the  troubles  regarding  stream  pollution  are 
most  pronounced.  Hence,  when  troubles  of  this  nature  arise  in  a 
younger  State,  one  turns  naturally  to  the  old  Bay  State  for  advice  and 
counsel  as  to  the  future  requirements  which  are  likely  to  be  enforced 
by  the  Courts. 

The  State  Board  of  Health  of  Massachusetts  has  been  and  is  now 
sjiending  large  sums  of  money  in  quietly  experimenting — on  a  com- 
mendable scale — to  find  the  true  value  of  the  different  methods  of 
sewage  purification.  These  results  are  jjublished  in  their  annual  re- 
ports, which  really  constitute  some  of  the  very  best  information  avail- 
able on  the  subject. 

In  a  general  way,  it  may  be  said  that  when  a  natural  stream  be- 
comes highly  polluted  at  low  stages,  so  as  to  become  an  intolerable 
public  nuisance,  then  some  palliative  action  must  be  taken  to  remedy 
the  evil.  Hundreds  of  devices  have  been  tried,  but  with  indifferent 
success.     Probably  the  most  ijractical  methods  are: 

First. — By  percolation  through  porous  soils,  or  sand — ^being,  in 
short,  broad  irrigation — the  purified  filtrate  passing  into  the  stream. 
This  method,  necessarily,  calls  for  a  large  tract  of  land  of  suitable 
character,  which  is  seldom  available. 

Second. — By  preliminary  treatment,  such  as  settling,  septic  action, 
chemical  precipitation  and  filtration  through  coarse  material,  in  order 
to  reduce  the  quantity  of  suspended  matter  as  well  as  the  dissolved 
organic  matter,  both* being  j^reparatory  to  a  final  treatment,  either  by 
dilution  or  by  intermittent  filtration  through  joorous  soils.  By  this 
last  method,  the  acreage  required  is  very  much  reduced. 

After  the  sewage  has  passed  through  tanks  providing  subsidence 
and  septic  action,  it  may  be  turned  into  the  stream,  always  bearing  in 
mind  that  the  sewage  from  one  thousand  people  may  be  safely  diluted 
by  a  river  flow  of  4.0  cu.  ft.  per  second.  Such  disposal  will  be  quite 
inoffensive  when  discharged  in  the  middle  of  the  stream.  The  re- 
mainder of  the  sewage,  over  and  above  this  amount,  must  go  to  the 
intermittent  filter  beds,  the  jourified  filtrate  from  which  may  also  be 
discharged  into  the  river  almost  anywhere.  If  this  is  done  properly, 
and  the  details  are  attended  to  faithfully,  the  results  will  be  highly 
satisfactory. 

In  cases  where  suitable  land  is  not  available,  it  may  become  neces- 
sary to  construct  the  entire  filter  beds  artificially,  which  will  add  very 
materially  to  the  first  cost  and  to  the  maintenance. 

Of  course,  each  particular  case  calls  for  a  special  study  in  itself,  in 
order  to  get  the  best  results  with  the  least  expense.  This,  after  all,  is 
the  main  result  to  be  attained,  and,  in  order  to  be  reasonably  sure  of 
obtaining  it,  a  competent  expert  should  be  engaged  to  study  the  case. 
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SOME  RAILWAY  CONSTRUCTION  IN  OKLAHOMA.* 
By  A.  G.  AiiiiAN,  Assoc.  M.  Am.  Soc.  C.  E. 


With  Discussion  by  Messks.  Samuel  H.  Lea,  Emtle  Low, 
H.  F.  Dunham,  J.  P.  Snow  and  A.  G.  AiiiiAN. 


During  the  past  eighteen  months  the  writer  has  been  in  charge  of 
about  60  miles  of  new  railway  construction,  on  which  were  built  a  num- 
ber of  diflferent  structures,  some  of  them  not  usual  in  new  railway 
work  in  the  West,  and,  thinking  that  perhaps  it  might  enable  some- 
one similarly  situated  to  make  approximate  estimates  of  cost,  or  help 
in  the  design  of  masonry  to  be  built  in  advance  of  the  track,  he  begs 
to  submit  this  paper. 

It  would  be  proper  to  state  that  there  is  no  claim  for  originality  in 
the  plans,  many  of  them  being  merely  modifications  of  the  standard 
plans  of  the  road,  the  others  having  been  used  elsewhere  by  other 
members  of  the  engineering  profession. 

All  the  construction  described  is  on  a  portion  of  a  line  being  built 
by  the  Atchison,  Topeka  and  Santa  Fe  Kailway  from  Xewkirk, 
Oklahoma  (a  point  14  miles  south  of  the  Kansas  State  line),  to  Pauls 
Valley,  Indian  Territory. 

As  it  is  intended  to  use  the  new  line  for  heavy  freight  traffic,  the 
maximum  gradient  adopted  was  0.6%,  compensated  for  curvature  at 
the  rate  of  0.055*0  per  degree. 

The  sharpest  curve  allowed  was  of  4°,  all  curves  of  3°  and  more 
*  Presented  at  the  meeting  of  October  21st,  1903. 
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Fig.  1.— Typical  lU  x  6i^-Foot  Arch  Culvert. 


Fig.  2.— Double  14  x  5i^-Foot  Arch  Culvert. 
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being  spiralled  by  the  six-chord  spiral,  a  modification  of  a  parabolic 
curve  originated  by  Mr.  J.  R.  Stephens,  Engineer  in  Charge  of  Construc- 
tion, the  grading  being  cross-sectioned  and  built  on  the  offsetted 
curves. 


Degree  of 
main  curve. 

Length  of  ter- 
minal curve, 
in  feet. 

Degree  of 
terminal  curve. 

Terminal 
angle. 

Offset,  in 
feet. 

3° 

40 

100 
130 

1=30- 
2°  00' 

1°30' 
2°  34' 

0.65 
1.25 

For  intermediate  curves,  intermediate  values  were  taken. 
The  length  of  the  terminal  curve  is  exactly  divisible  by  four,  to 
avoid  fractions  in  the  chord  lengths. 

The  terminal  curve  has  a  radius  of  twice  the  length  of  the  main 
curve;  the  spiral  is  half  as  long  again  as  the  terminal  curve,  one-sixth 
running  back  on  the  tangent,  four-sixths  consuming  the  terminal 
curve,  the  remainder  being  on  the  main  curve. 

The  line  leaving  Newkirk  runs  across  drainage  for  the  first  8  miles, 
so  that  some  heavy  grading  was  necessary,  and  a  number  of  openings 
were  required;  for  the  rest  of  the  way,  to  the  first  crossing  of  the 
Arkansas  River,  the  location  is  along  drainage  lines  presenting  no 
unusual  features. 

In  this  first  section  the  entire  country  consists  of  a  thin  soil  over- 
lying solid  limestone,  which  can  be  drilled  and  quarried  easily  to  any 
dimension,  and  which  cuts  perfectly.  This  stone  hardens  on  exposure 
to  the  air,  and  is  not  shattered  by  frost. 

The  original  plans  called  for  wood-box  culverts,  but,  on  account 
of  stone  being  obtainable  and  the  line  being  built  for  heavy  traffic, 
the  Chief  Engineer,  James  Dun,  M.  Am.  Soc.  C.  E.,  changed  to  arches 
all  the  pile  trestles  which  had  sufiicient  headroom,  and  the  wood  boxes 
to  masonry  culverts.  A  contract  for  the  masonry  was  let  to  Mr.  L.  W. 
Lewis,  of  Emporia,  Kansas,  at  the  following  prices  per  cubic  yard: 

Bridge  masonry .f  5 .  75 

Rubble  masonry 3 .  15 

Rubble  arch  masonry 5 .  25 

Paving 3.15 

Coping  steps  and  ring  stones 6 .  50 

Box  culvert  rubble  masonry 3 .  15 
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Box  culvert  rubble,  dry $2 .  50 

Covering  stone  for  box  culverts 5 .  25 

Concrete  in  foundations 3 .  00 

Earth  excavation  above  water 0.35 

Loose  rock  excavation  above  water 0 .  50 

Solid  rock  excavation  above  water 1 .  00 

All  excavation  below  water  at  cost  plus  lO^*^  for 

use  of  tools  and  supervision 
Overhaul  on  all  stone  more  than  one  mile  from 

the  site  of  the  work,  40  cents  per  cubic  yard 

additional  to  above  prices  for  each  mile  after 

the  first  mile. 

The  Railway  Company  furnished  the  cement^  f.  o.  b.  cars,  and  the 
contractor  furnished  the  sand,  but  the  company  paid  the  actual  cost 
for  hauling  the  sand  and  cement  from  the  cars  to  the  site  of  the  work. 
The  Eailway  Company  furnished  transportation  for  men,  teams,  tools 
and  material  to  and  from  the  work. 

The  excavations  for  the  foundations  were  commenced  during  the 
first  week  in  May,  and  the  last  masonry  was  finished  in  October,  all 
sand  being  teamed  from  2  to  15  miles,  at  a  cost  varying  from  $1A0  to 
33.25  per  cubic  yard. 

The  cement  used  was  manufactured  by  the  lola  Portland  Cement 
Company,  of  lola,  Kansas,  and  showed  the  following  tensile  strengths, 
from  tests  at  the  factory: 

Neat  Cement  (20 j^  Watee). 

1  day 204-228  lbs.  per  square  inch. 

7  days 630-657     " 

28   "    745-761     " 

Cement  with  3  Parts  Sand  (lO^o  Watee). 

7  days ,. 206-230  lbs.  per  square  inch. 

28   "    310-335     " 

Owing  to  continuous  wet  weather,  and  high  water  in  the  creeks,  it 
was  found  almost  imijossible  to  separate  wet  and  dry  excavation,  so 
that  the  entire  foundation  work  was  done  by  the  contractor  on  "force 
account,"  under  the  close  supervision  of  the  writer  and  two  time- 
keejiers,  each  detailed  to  certain  jobs. 
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PLATE  XIII. 
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ALLAN   ON   RAILWAY  CONSTRUCTION. 


Fife.  1.— 24xlO-FooT  Arch  During  Construction. 


Fig.  2. — Completed  24  x  10-Foot  Arch  Culvert. 
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The  cost  of  this  excavation  varied  so  much,  on  account  of  the 
■different  causes,  pumj^iug  and  floods,  that  it  was  extremely  difficult  to 
get  at  the  exact  cost  per  cubic  yard. 

An  average  of  five  different  jobs,  including  pumping,  was  45  cents 
per  cubic  yard. 

The  costs  of  the  masonry,  given  in  Tables  Nos.  1  and  2,  are  for  the 
excavation  for  the  foundations,  the  excavation  required  for  the  channel 
changes,  and  the  contract  price  per  cubic  yard  for  the  masonry  con- 
tained in  each  arch  or  box  culvert,  no  account  being  taken  of  the  sand 
and  cement  used. 

The  cost  of  the  cement  and  sand  varied  with  the  length  of  the  haul 
from  the  river  or  nearest  unloading  point,  the  sand  costing  from  81-40 
to  $3.25  per  cubic  yard,  delivered,  the  larger  amount  being  for  sand 
used  on  work  15  miles  from  the  river.  The  average  cost  of  hauling  the 
cement,  for  six  different  jobs,  was  ^0.40  per  barrel,  the  average  load 
being  28  sacks,  or  7  barrels.  This  high  average  was  due  to  the  wet 
weather  and,  consequently,  the  bad  condition  of  the  roads. 

Most  of  the  arches  were  founded  on  solid  rock,  soapstone  or  other 
hard  material;  but  one,  viz.,  the  10-ft.  arch  at  Station  2425  -j-  40,  was 
built  on  quicksand.  In  making  the  foundation  excavation  for  this 
arch  the  men  sank  to  their  knees.  The  bottom  being  too  soft  for  the 
regular  foundation  plan,  the  writer  obtained  authority  from  Mr. 
Stephens  to  build  the  masonry  on  a  concrete  base  on  a  grillage  of  old 
piling,  drift-bolted  together,  to  form  a  solid  floor. 

This  base  is  52  ft.  long,  20  ft.  wide  and  2^  ft.  thick,  weighing 
approximately  250  tons.  It  settled  about  0.4  ft.  before  the  masonry 
was  commenced.  There  has  been  no  further  movement  that  could  be 
determined. 

The  stone  for  the  concrete  was  broken  by  hand  into  pieces  small 
enough  to  pass  through  a  3-in.  ring,  the  breaking  being  done  on  the 
site  of  the  work.  The  stone  for  the  concrete  was  entirely  free  from 
dii-t. 

The  sheeting  and  ring  stones  were  of  the  dimensions  shown  on  the 
drawings,  and  were  laid  with  ^-in.  joints. 

The  joints  were  made  on  the  radial  lines,  and  the  faces  of  the  sheet- 
ing stones  were  hammered  so  as  to  make  a  close  fit  on  the  lagging. 
No  joints  closer  than  12  ins.  were  allowed,  and  each  stone  was  the  full 
depth  of  the  arch.  The  entire  ring  was  pointed  after  the  centers  had 
been  removed. 


430 


RAILWAY    CONSTRUCTION    IN   OKLAHOMA. 


The  cement  hardened  rapidly,  so  that  it  was  not  necessary  to  leave 
the  centers  in  very  long  after  the  ring  had  been  turned.  Centers  were 
never  removed,  however,  in  a  less  number  of  days  after  the  masonry 
was  completed  than  the  number  equaling  the  diameter  of  the  arch  in 
feet. 

12  X  4-FT.   ARCH 
AT  STATION  2920+21 


Concrete 


SoapstoDe 


6ub-Gradc  El.  nC;'.4T 


10  X  6^-FT.  ARCH 
AT  STATION  2958  +  06 


Soapstone 


Sub-Grade  El.  VHS.OS 


Gravel  and  Boulders 


In  almost  every  case  the  creek  channels  crossed  the  right  of  way  at 
an  angle;  therefore,  channel  changes  were  made  to  admit  and  discharge 
the  water  freely.  A  great  deal  of  the  material  from  the  excavation 
thus  made  was  utilized  in  building  the  embankments. 
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Fig.  1. — Double'4  X  3-FooT  Box  Culvert. 
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All  the  masonry  was  laid  out  on  a  grade.     The  writer  believes  in 
setting  boxes  on  a  grade  of  not  less  than  1  per  cent.     The  largest  arch 
built  was  set  on  a  grade  of  1.25  per  cent. 
The  scale  of  wages  paid  was  as  follows: 

Mason  foreman 40  cents  per  hour. 

Masons 35 

Quarrymen 25       "  " 

Mortar  mixers 20       "  " 

Labor 17^     " 

Teams 32^  to  35      " 

The  work  was  done  on  a  10-hour-day  basis. 

Newkirk  is  located  on  a  high  table  land  underlaid  with  limestone, 
and  the  water  obtained  from  wells  is  too  hard  for  boiler  use  and  too 
small  in  quantity  to  supply  a  steam  pumping  jilant.  For  these 
reasons  the  Chief  Engineer  decided  to  build  a  reservoir  for  engine 
■water,  at  a  place  2J  miles  from  town,  by  raising  the  grade  line  of  the 
embankment  to  form  a  dam,  thus  impounding  in  a  ravine  about 
93  000  000  galls,  of  water.  The  drainage  area  of  this  reservoir  is  2.45 
sq.  miles,  and  the  project  made  it  necessary  to  excavate  a  new  chan- 
nel for  Wolf  Creek,  2  800  ft.  long,  and  parallel  to  the  railway  embank- 
ment. This  creek  has  a  discharge  of  about  2  cu.  ft.  per  second  for 
about  six  months  in  the  year. 

The  location  of  the  high-water  line  made  it  necessary  to  buy  out- 
right two  farms  and  a  portion  of  a  third,  as  well  as  change  the  County 
road.  The  Railway  Company  made  7  145  cu.  yds.  of  embankment 
and  built  a  new  56-ft.  pile  trestle  to  raise  the  wagon  road  4  ft.  above 
the  crest  of  the  spillway. 

In  building  the  embankment  for  the  dam  the  sod  was  first  stripped 
from  the  base  and  laid  close  to  the  slope  stakes  at  the  back.  A  core- 
trench  6  ft.  wide  and  from  2  to  4  ft.  deep  was  then  dug,  so  as  to  reach 
the  hard,  impervious  clay. 

The  embankment  was  put  in  by  a  steam-grader  outfit,  with  which 
a  wheeler  outfit  worked,  borrowing  yellow  clay  for  the  core  in  the 
center.  This  clay  core  was  solidified  by  being  trampled  by  men  and 
horses  and  rolled  continually  by  the  wheels  of  the  scrapers  and 
wagons,  and  was  carried  up  to  the  water  level.  The  dam  has  a  top 
width  of  20  ft.,  a  sloj)e  of  2^  to  1  on  the  water  side  and  of  1^  to  1  on 
the  back.     It  contains,  approximately,  70  000  cu.  yds.  of  earth. 
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The  rip-rajiwas  composed  of  limestone,  hauled  by  tbe  construction 
train  from  a  rock-cut  2  miles  aAvay.  It  was  18  ins.  thick,  and  was 
placed  on  the  face  by  hand. 

The  dam  is  perfectly  water-tight,  there  being  no  seej^age  either 
through  it  or  along  the  base. 

The  length  of  the  spillway  is  120  ft.,  the  depth  of  water  on  the 
crest  being  calculated  never  to  exceed  2J  ft.  The  length  of  the  floor 
is  100  ft.,  and  the  water  is  discharged  into  a  channel  20  ft.  wide  on  the 
bottom  and  having  slopes  of  1  to  1,  the  floor  being  curved  to  keep  the 
main  curi'ent  on  the  center  line. 

The  construction  was  commenced  in  December,  and  the  concreting 
in  January.  The  curved  sides  and  floor  were  excavated  in  the  hard 
red  clay  on  which  the  spillway  is  located,  the  work  being  done  to  a 
depth  of  12  ins.  below  the  grade  stakes  set  for  the  toj^  of  the  pavement. 
Ogee  curve-forms  were  set  for  the  crest  wall,  no  trouble  being  caused 
by  their  moving  during  the  progress  of  the  work. 

The  concrete  was  made  in  the  proportion  of  1  part  Portland 
cement,  2J  parts  sand,  and  4  parts  crushed  stone,  the  sand  and 
cement  being  first  shoveled  together  dry.  Some  difficulty  was  caused 
by  the  sand  being  partly  frozen,  which  made  it  necessary  to  heat 
about  one-third  of  the  quantity  used.  The  cost  of  cement,  at  the 
factory,  was  about  $1.30  per  barrel,  and  576  bbls.  were  used. 

The  cost  of  the  spillway  was : 

Excavation,  2  178  cu.  yds. — Force  account.  ...  $1  248.33 

Stone ^47. 20 

Sand 77.54 

Koyalty  on  stone  quarried 15 .  00 

Labor 985.43 

Hardware 7.70 

Carpenter  making  forms 13.50 

Lumber  for  forms  and  sheeting 118 .  60 

Blasting  powder  and  fuse  for  quarry- 
ing   7.50 

Grading  and  filling  in  around  walls . .         58 .  98 

1  431.45 

Total  cost  of  excavating,    grading  and  con- 
creting    82  679.78 
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To  this  should  be  added  the  cost  of  the  cement,  say  $750.00,  thus 
making  the  total  cost  of  the  work  $3  429. 78. 

Credit  is  due  the  contractor,  Mr.  L.  W.  Lewis,  of  Emporia,  Kansas, 
and  Mr.  E.  E.  Lewis,  his  general  foreman,  for  the  successful  handling 
of  the  work  and  the  faithful  way  in  which  the  specifications  were 
followed. 

The  writer  also  wishes  to  acknowledge  his  thanks  to  his  Assistant 
Engineer,  Mr.  H.  S.  Hancock,  Jr.,  for  his  accurate  instrument  work 
and  his  unremitting  attention  to  details. 
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I>ISCUSSION. 


Samuel  H.  Lea,  M.  Am.  Soc.  C.  E.  (by  letter). — This  paper  is  of 
much  interest,  as  it  describes  current  engineering  joractice  in  railroad 
construction.  In  the  writer's  opinion,  the  method  given  for  spiraling 
curves  is  simjjle  and  convenient,  and,  on  this  account,  is  jDreferable  to 
most  of  the  older  and  more  complicated  methods.  Its  use  will  simplify 
field  operations  without  the  necessity  of  resorting  to  tedious  calcula- 
tions or  elaborate  tables. 


DESIGN   FOR  AN  ARCH  CULVERT. 
Fig.  10. 

The  tables  of  cost  are  comprehensive,  and  of  much  interest  in 
affording  a  basis  of  couiparison  for  current  jjrices  for  the  classes  of 
work  tabulated.  These  tables  constitute  a  valuable  feature  of  the 
paper,  and  the  author  is  to  be  commended  for  fiirnishing  this  informa- 
tion, especially  in  view  of  the  general  dearth  of  data  of  this  class  in 
engineering  literature. 

Judging  from  the  photographs,  the  masonry,  both  in  the  arch  and 
box  culverts,  is  good;  and  the  general  design  of  the  box  culverts  is 
in  accordance  with  good  practice.  The  writer  thinks  the  use  of  bond 
or  anchor  stones  in  the  box  culvert  paving  would  have  been  jirefer- 
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able.     Such  stones  are  several  inches  deeper  than  the  regular  paving  Mr.  Lea. 
stones  and  extend  entirely  across  the  floor  of  the  culvert.     Ordinarily, 
they  are  placed  at  intervals  of  from   6  to  10  ft.,  in  the  length  of  the 
culvert,  and  serve  to  hold  the  pavement  in  place  in  case  of  its  under- 
mining or  -washing. 

In  the  writer's  opinion,  the  arch  culvert  designs  are  defective  in 
two  important  features,  namely : 

1. — The  wing-walls  at  the  up-stream  end  of  the  culvert  have  their 
axes  parallel  with  the  axis  of  the  culvert. 

2. — A  shoulder  or  offset  is  left,  at  the  junction  of  each  wing-wall 
with  the  trunk  of  the  culvert,  between  the  face  of  the  wing-wall  and 
the  face  of  the  side-wall  of  the  culvert.  Both  of  these  objectionable 
features  are  eliminated  in  Fig.  10,  which  illustrates  an  arch  culvert 
built  under  the  writer's  supervision. 

In  arch  culvert  construction,  the  writer's  practice  has  been  to  build 
the  upper  wing-walls  splayed  at  an  angle  of  about  30*  to  the  axis  of 
the  culvert  and  with  their  faces  on  line  with  the  faces  of  the  side-walls 
of  the  culvert  at  the  junction  of  the  wing-walls  with  the  trunk.  This 
construction  requires  that  the  faces  of  the  culvert  walls  shall  be  bat- 
tered to  corresj^ond  with  the  batter  of  the  wing-walls.  In  this  design 
there  are  no  shoulders  or  re-entrant  angles  at  the  upper  end  of  the 
culvert  below  the  springing  line  of  the  arch.  The  water  is  affoi'ded  a 
free  and  unobstructed  entrance  to  the  culvert,  and  there  are  no  pro- 
jecting surfaces  to  catch  floating  drift  and  debris. 

Emile  Low,  M.  Ana.  Soc.  C.  E.  (by  letter). — It  is  to  be  hoped  that  Mr.  Low. 
this  paper  will  elicit  full  discussion,  especially  as  so  many  railroad  en- 
gineers are  enrolled  in  the  Society.  Some  years  ago  a  somewhat  similar 
paper  was  presented,  and  the  writer  was  the  only  one  who  took  part 
in  the  discussion.  It  is  difficult  to  explain  why  so  few  members  con- 
tribute to  the  discussions.  It  may  be  from  lack  of  interest,  or  perhaps 
railroad  engineers  think  they  are  too  busy. 

If  a  map  of  the  line  accompanied  the  paper  it  would  be  very  ad- 
vantageous, as  the  alignment  and  profile  of  a  railway  line  are  always 
an  interesting  study,  particularly  to  the  locating  or  constructing  en- 
gineer. The  character  and  magnitude  of  the  grading  are  grasped 
more  readily  when  thus  graphically  presented. 

Mr.  Allan  gives  quite  a  number  of  illustrations  and  plans  of  arch- 
and  box-  culverts,  but  it  is  to  be  regretted  that  he  has  not  stated  the 
manner  or  method  by  which  the  sizes  of  the  various  openings  were 
determined. 

As  most  engineers  are  aware,  the  determination  of  culvert  openings 
is  far  from  scientific.  It  would  not  bfe  far  from  the  truth  to  say  that 
in  most  cases  they  are  determined  by  guesswork,  and  that  much 
depends  on  the  judgment  of  the  guesser. 

One  bad  featiire  of  the  culverts,  as  built,  is  the  offset  at  the  junc- 
tion of  the  wing-walls  and  the  barrel,  the  tendency  of  which  is  to 
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contract  the  waterway.     It  is  also  a  place  for  the  lodgment  of  drift-  Mr.  Low. 
wood.     Also,  would  it  not  have  been  better  to  build  a  single  arch,  of  a 
somewhat  smaller  waterway,  than  the  double  one? 

One  good  feature  is  the  furnishing  of  the  cement  by  the  railroad 
company.  This  is  the  practice  of  a  number  of  first-class  railroads,  and 
has  much  to  commend  it. 

Fig.  11  is  a  typical  plan  of  an  arch-culvert,  indicative  of  the  practice 
of  a  number  of  prominent  eastern  railroads,  and  is  the  type  which  the 
writer  prefers. 

This  lolan  shows  i^arallel  wing-walls,  but  flaring  walls  are  often  to  be 
preferred.  In  every  case,  however,  the  offset  at  the  junction  of  the 
walls  and  the  barrel  is  avoided. 

H.  F.  Dunham,  M.  Am.  Soc.  C.  E.  (by  letter). — It  would  be  inter-  Mr.  Dunham, 
esting  to  trace  by  the  aid  of  sketches  and  i)hotographs  the  gradual 
change  from  difficiilt  to  simple  designs  for  wing-walls  for  arch 
bridges.  Every  engineer  familiar  with  early  railway  construction  in 
this  country  has  felt  a  thrill  of  genuine  pleasure  as  well  as  astonish- 
ment when  standing  upon  the  parapet  of  a  high  masonry  bridge  above 
the  amphitheater  formed  by  wing-walls  that  follow  for  90°  the  cir- 
cumferences of  circles  having  for  their  radii  the  "  distance  out"  and 
for  their  centers  points  in  the  lines  of  the  bench-wails  extended. 
The  effect  is  intensified  if  the  broad  area  is  well  covered  by  large 
forest  trees.  But  when  it  is  necessary  to  widen  the  roadbed  and 
increase  the  number  of  tracks — that  invites  a  different  state  of  mind. 

The  wing-walls  should  be  built  in  the  line  of  the  culvert  walls,  and 
begin  to  batter,  if  they  are  battered  at  all,  at  the  skewback  or  spring- 
ing line  of  the  ai'ch.  There  may  be  instances  in  cities  and  conspicuous 
places  where,  for  appearance,  the  design  shown  by  the  author  is  war- 
ranted, but,  generally  speaking,  and  especially  in  the  West,  where  it 
may  not  be  quite  certain  whether  a  new  road  will  pay  ll^^Vi  or  only 
10%"  upon  the  investment,  any  change  that  makes  the  w^ork  less 
expensive  and  stronger,  while  adding  to  the  safety,  should  invite 
attention. 

Offsets  and  corners  in  masonry  are  sources  of  annoyance  and 
expense  that  the  contractor  usually  "  figures  in."  Offsets  at  the  end 
of  a  culvert  invite  accumulations  of  drift;  so  do  wedge-  or  funnel- 
shaped  passages,  while  the  straight-wall  wings  offer  at  their  ends  the 
same  width  of  passageway  that  the  culvert  offers,  and  if  flood-wood, 
fence  rails,  or  what  not,  stop  there,  causing  the  water  to  dam  up  and 
overflow,  the  overflow  goes  through  the  culvert  and  will  continue  to 
do  so  after  such  dam  has  reached  a  height  above  the  top  of  the  culvert 
oijening;  so  that  the  straight  wing,  instead  of  embracing  trouble,  is  a 
rude  fender  to  keep  trouble  away.  Especially  is  this  true  of  a  small 
ojiening  under  a  high  embankment. 

The   parajjet   and   coping   are   diminished  by  such    construction. 
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Mr.  Dunlinni.  Extension  of  the  culvert  becomes  an  easy  matter,  and,  as  for  appear- 
ance— there  is  a  possibility  of  getting  used  to  it. 

To  illustrate  further  these  advantages,  Plate  XV  is  introduced, 
and  shows  a  culvert,  built  in  1890,  on  the  line  of  the  Wheeling  Bridge 
and  Terminal  Company,  now  owned  by  the  Pennsylvania  Railway.  The 
Chief  Engineer  was  the  late  Job  Abbott,  M.  Am.  Soc.  C.  E.,  and  the 
writer  was  Engineer  in  Charge. 
Mr.  Snow.  J.  P.  Snow,  M.  Am.  Soc.  C.  E.  (by  letter). — The  writer  wishes  to 
correct  the  statement  made  by  Mr.  Samuel  H.  Lea,  that  the  construc- 
tion of  arch  culverts,  with  splayed  wings  and  no  set-back  of  the 
wings  at  the  face  of  the  arch,  "requires  that  the  faces  of  the  culvert 
walls  shall  be  battered  to  correspond  with  the  batter  of  the  wing- 
walls."  No  such  necessity  exists.  The  faces  of  the  walls  of  the 
trunk  may  be  built  plumb,  as  many  engineers  prefer,  on  account  of 
increased  bottom  width,  and  the  splayed  wings  built  at  any  desired 
batter. 

The  work  must  be  set  out  so  that  the  line  of  intersection  of  the 
two  planes,  one  vertical  and  the  other  inclined,  will  pierce  the  plane 
of  the  face  of  the  arch  at  the  springing  line.  This  is  done  readily  by 
using  the  horizontal  element  at  the  springing  line  level  by  which  to 
stake  out  the  wing. 

This  construction  is  no  more  difficult  than  that  desci'ibed  by  Mr. 
Lea,  and  it  looks  all  right  when  finished.  The  intersection  of  the  two 
faces  inclines  boldly  against  the  face  of  the  arch  with  the  effect  of  a 
brace. 

The  elimination  of  the  shoulder,  objected  to  by  Mr.  Lea,  is  cer- 
tainly very  desirable,  although,  of  course,  it  involves  a  lack  of  bond 
between  the  wing  and  the  trunk  for  the  few  courses  where  the  wing- 
crosses  the  arch  ring.  If  the  arch  is  segmental  instead  of  full  center, 
as  shown  by  the  author,  this  distance,  where  bonding  is  impossible, 
will  be  shortened  and  the  work  cheapened;  because,  for  small  arches, 
the  ordinary  sizes  of  stone  are  deep  enough  for  sheeting,  and  the  arc 
will  be  shorter  if  segmental  than  if  semicircular. 
Mr.  Allan.  A.  G.  Allan,  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — Replying  to 
Mr.  Low's  question:  The  method  by  which  the  various  culvert  open- 
ings were  determined  was  as  follows.  When  the  line  was  finally  lo- 
cated, a  ravine  section  for  each  drainage  crossing,  on  a  scale  of  10  ft. 
to  1  in.,  was  made  by  the  locating  party,  from  which  the  Chief  Engi- 
neer determined  the  class  of  structure  to  be  used.  Each  drainage 
area  was  run  by  the  locating  party  and  then  the  areas  were  jaut  on  the 
ravine  sections. 

After  the  kind  of  bridge  opening  had  been  determined,  the  drain- 
age areas  were  re-run  and  checked  by  the  Resident  Engineer  in 
Charge  of  Construction,  using  the  transit  and  measuring  distances  by 
35-minute  deflections.     These  areas  were  platted  on  the  majj  of  the 
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line,  and  not  only  were  all  the  openings,   up  to  about  10  sq.  miles,  Mr.  Allan, 
checked  by  this  method,  but  the  drainage  areas  of  all  side-ditches, 
carrying  water  parallel  to  the  track,  were  surveyed  and  platted  on  the 
drainage  map. 

Large  areas  were  usually  determined  from  the  maps  of  the  United 
States  Geological  Survey,  although  the  writer  has  known  of  several 
doubtful  areas  which  were  surveyed,  and  each  of  which  took  a  party  a 
week  to  go  around. 

The  drainage  tables  used  (Table  No.  3)  are  the  standard  tables  of 
the  road,  and  were  computed  by  the  Chief  Engineer,  James  Dun,  M. 
Am.  Sec.  C.  E.  The  writer  believes  that  these  were  computed  from 
long  observations  of  actual  run-offs  along  the  oldest  railroad  line  in 
Missouri.  The  various  States  traversed  by  the  railroad  have  different 
percentages  of  the  amounts  shown,  Oklahoma  using  100  per  cent. 

TABLE  No.    3. — Approximate  Areas   of  Waterways   for  Drainage 
Areas  of  0. 1  to  G  000  Square  Miles. 


a 

Box  AND 

Arch 
Culverts 

a 

CS4J 

.     33 

Arch 
Culverts. 

'?  <^ 

.2  . 

..CO 

T3  a> 

1% 

d   . 

— "   CO 

•SI 

ViW 

OJTS 

< 

a>3 

4)a-i 

01 :2 

a)st-i 

<Q  "S 

ajtH 

"  a 

—  .as 

.2  2 

03  3 

<s  a 

d  g 
Is 

^  03 
1-,  <J1 

1^2 

IS  03 

0)  g 

a  2 

U   CO 

06  " 

1^ 

a 

2  « 

2^ 

4)  S 
g<w 

<'" 

.S.S 

4) 

^ 

03  a 

<<"' 

0.3 

710 

< 

r 

< 

< 

0.01.. 

2.0 

2 

1  Be 

X.      1.5.. 

150 

14 

7 

11.. 

110.. 

2  220 

1300.. 

6  960 

0.02.. 

4.0 

2 

2      ' 

1.6.. 

160 

16 

6.5 

13.. 

740 

120.. 

3  315 

1  300.. 

7  330 

0.03.. 

6.0 

2 

3     ' 

1.7.. 

170 

16 

7 

13.. 

775 

130.. 

3  405 

1400.. 

7  480 

0.04.. 

7  5 

2.5 

3     ' 

1.8.. 

180 

16 

7.5 

14.. 

805 

140.. 

3  500 

1  500.. 

7  735 

0.05.. 

9.0 

3 

3     ' 

1.9.. 

190 

16 

8 

15.. 

835 

150.. 

2  580 

1  600.. 

7  960 

0.06.. 

10.5 

3.5 

3     ' 

2.0.. 

200 

18 

7 

16.. 

865 

160.. 

3  665 

1  700.. 

8  195 

0.07.. 

13  0 

3 

4     ' 

2.2.. 

220 

18 

8 

17.. 

890 

170.. 

3  745 

1800.. 

8  390 

O.OS.. 

13.5 

D2.5 

3     ' 

2.4.. 

340 

18 

9.5 

18.. 

920 

180.. 

2  820 

1900.. 

8  625 

0.09.. 

15.0 

"  2.5 

3     ' 

2-6.. 

260 

20 

8 

19.. 

945 

190.. 

2  900 

3  000.. 

8  820 

0.10.. 

16.0 

"  3 

3     ' 

2.8.. 

280 

30 

9 

20.. 

970 

300.. 

3  970 

3  300. . 

9  240 

0.15.. 

25.0 

"  3 

4     ' 

3.0. . 

300 

20 

9.5 

33.. 

1015 

220.. 

3  115 

3  400.. 

9  605 

0.20.. 

33.0 

6 

4  Arc 

h.      3  2.. 

320 

32 

8.5 

34.. 

1060 

240.. 

3  215 

3  600.. 

9  970 

0.25.. 

38.0 

6 

5      " 

3.4.. 

.340 

22 

9 

26.. 

1100 

260 

3  370 

3  800.. 

10  320 

0.30.. 

44.0 

6 

5.5  " 

3.6.. 

357 

24 

8.5 

28.. 

1  140 

280.. 

3  495 

3  000.. 

10  640 

0.35.. 

51.0 

8 

4.5  " 

3.8.. 

373 

24 

9 

30.. 

1  180 

300.. 

3  615 

3  500. . 

11  445 

0.40.. 

56.0 

8 

5      " 

4.0. . 

388 

28 

7 

32.. 

1330 

325.. 

3  770 

4  000.. 

12  160 

0.45.. 

62.0 

8 

6      " 

4.2.. 

403 

28 

7.5 

34  . 

1  355 

.350.. 

3  900 

4,500.. 

12  835 

0.50.. 

66.0 

8 

6      " 

4.4.. 

417 

28 

8 

36.. 

1390 

375.. 

4  035 

5  000.. 

13  500 

0.55  . 

70.0 

8 

6.5  " 

4.6.. 

430 

38 

8.5 

38.. 

1330 

400.. 

4  165 

6  000.. 

14  530 

0.60.. 

74  0 

10 

4.5  " 

4.8.. 

443 

28 

9 

40.. 

1.350 

450.. 

4  385 

0.65.. 

78.0 

10 

5      " 

5.0- • 

455 

38 

9,5 

46.. 

1435 

500. . 

4  610 

0.70.. 

81.0 

10 

5.5  " 

5.5.. 

483 

38 

10. 

50.. 

1510 

550.. 

4  835 

0.75.. 

85.0 

10 

6      " 

6.0. . 

509 

33 

7.5 

55. 

1580 

600. . 

5  030 

0.80.. 

88.0 

10 

6.5  " 

6.5.. 

533 

33 

8 

60.. 

1650 

650.. 

5  330 

0.85.. 

91.0 

10 

6.5  " 

7.0.. 

556 

33 

9 

65.. 

1730 

700.. 

5  430 

0.90.. 

94  0 

10 

6.5  " 

7.5.. 

579 

32 

10 

70.. 

1  780 

750.. 

5  610 

0.95.. 

97.0 

12 

5      " 

80.. 

601 

33 

11 

75.. 

1840 

800.. 

5  800 

1.00.. 

100.0 

12 

5      " 

8.5.. 

622 

32 

11.5 

80.. 

1900 

850.. 

5  890 

1.1  .. 

110.0 

12 

6      " 

9.0. . 

641 

33 

12 

85.. 

1  960 

900.. 

6  080 

1.2  .. 

120.0 

12 

7      " 

9.5.. 

660 

33 

13.5 

90.. 

3  015 

950. 

6  330 

1.3  .. 

130.0 

12 

8      " 

10.0.. 

679 

33 

13 

95.. 

3  065 

1  000.. 

6  330 

1.4   .. 

140.0 

14 

6.5  " 

100.. 

2  130 

1  100.. 

6  705 

442  DISCUSSION   ON    RAILWAY   CONSTRUCTION. 

Mr.  ^viian.  The  number  of  square  feet  required  is  also  cliecked  by  high-water 
marks,  the  highest  being  placed  on  the  ravine  sections  by  the  locating 
engineer. 

On  the  main  line,  where  records  of  the  Hoods  extend  over  a  period 
of  years,  many  bridges  will  be  found  having  a  series  of  high-water 
marks,  with  their  respective  dates,  put  on  with  j^aint  by  the  section 
foreman  or  the  bridge  department.  These  distances  below  the  base  of 
the  rail  are  also  placed  in  the  bridge  record  kept  by  the  Resident 
Engineer. 

In  modern  railway  construction,  the  determination  of  the  size  of  a 
culvei't  or  bridge  opening  is  certainly  not  a  method  of  guesswork. 
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Paper  No.  968. 
THE  FATIGUE  OF  CEMENT  PRODUCTS.* 

By  J.  L.  Van  Ornum,  M.  Am.  Soc.  C.  E. 


With  Discussion  by  Messks.  E.  K.  Buckley,  L.  F.  Bellingek, 
A.  L.  Johnson,  H.  F.  Dunham  and  J.  L.  Van  Ornum. 


Although  the  investigation  has  only  begun,  the  writer  believes  that 
the  importance  of  the  subject  makes  it  advisable  to  state  the  results  (as 
far  as  obtained),  of  experiments  made  under  his  direction,  to  deter- 
mine the  behavior  of  certain  Portland  cement  mixtures  when  subjected 
to  repeated  loads  of  a  less  intensity  than  would  produce  failure  when 
once  applied.  Certain  observed  lieculiarities  in  tests  of  concretes  led 
to  the  conclusion  that  brittle  engineering  materials  (such  as  stone, 
brick,  mortars,  concretes,  etc.),  of  which  cement  mixtures  are  a  fair 
type,  possess  the  proj^erty  of  a  progressive  failure  or  "  gradual  frac- 
ture "  which  finally  becomes  complete  under  the  repetition  of  a  load 
well  within  the  ultimate  strength  of  the  material.  The  analogy  to  the 
similar  property  of  steel,  proved  by  Bauschinger  and  Wohler  about 
forty  years  ago,  is  evident. 

The  ijrobability  of  this  fact  was  indicated  to  the  writer  last  Decem- 
ber, when  some  jaeculiar  results  of  an  investigation  made  on  concretes 
at  Washington  University  could  only  be  explained,  apparently,  on  the 
hypothesis  already  mentioned.  The  time  which  has  since  elapsed  has 
*  Presented  at  the  meeting  of  October  21st,  1903. 
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been  too  short  for  the  extended  investigation  necessary  to  develop 
details,  but  results  thus  far  obtained  indicate  plainly  that  this  charac- 
teristic is  true. 

The  experiments  made  were  compressive  tests  upon  neat  Portland 
cement  blocks  (api^roximately  2-in.  cubes),  using  a  standard  American 
brand,  and  crushed  when  four  weeks  old.  The  tests  were  made  by 
Mr.  Hans  Schantl,  of  the  civil  engineering  department,  an  expert  ex- 
l^erimenter.  The  ultimate  strength  was  determined  in  the  usual  way, 
and  similar  blocks  were  subjected  to  certain  percentages  of  the  ultimate 
strength,  varying  from  95  to  55%  of  the  same,  the  load  in  each  case 
being  applied  and  removed  repeatedly  until  failure  occurred.  In  all, 
ninety-two  blocks  were  tested,  and  the  average  results  are  indicated 
graphically  in  the  accompanying  diagram.  Fig.  1. 


1000  dOOO  3000  4000  5000 

Number  of  Repetitions,  producing  failure. 

Fig.  1. 

In  general,  the  figure  indicates  that  failure  occurs  under  repeated 
loadings  of  much  less  intensity  than  that  necessary  to  cause  failure 
when  once  applied  (the  latter  being  the  test  always  relied  upon  to 
judge  of  the  strength  of  such  a  material),  and  that  the  number  of  repe- 
titions necessary  to  cause  rupture  is  greater  for  the  smaller  loads,  as 
would  be  exi^ected.  This  curve  should  be  considered  characteristic, 
and  not  precise ;  it  does  not  indicate  necessarily  the  exact  relation  be- 
tween the  number  of  repetitions  and  the  corresponding  intensity  of 
load,  but  rather  typifies  the  general  law    of    "fatigue"  as    outlined 
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above.  It  should  also  be  said  that  while  time  has  not  yet  permitted 
similar  systematic  tests  on  concrete,  yet  eighteen  repetition  tests  on 
7-in.  cubes  indicate  by  their  behavior  that  the  same  general  law  of 
gradual  failure  applies  equally  to  concretes. 

It  is  to  be  hoped  that  this  investigation  may  be  extended  as  rapidly 
as  circumstances  will  allow.  In  determining  the  projDer  factor  of 
safety  to  use,  for  concretes  under  various  conditions  of  design,  such 
facts  would  be  especially  pertinent.  Concretes  vary  so  widely  in 
character  and  quality  of  materials,  proportions  of  ingredients,  and  in 
characteristics  depending  upon  age,  conditions  of  loading,  whether  or 
not  reinforcing  metal  is  introduced,  etc.,  that  much  time  and  labor 
will  be  necessary  to  establish  the  law  of  "fatigue  "  under  the  various 
conditions  existing.  Especial  care  is  also  necessary  because  of  the 
difficulties  inherent  in  securing  definite  results  with  cement  products. 

If  a  number  of  research  laboratories  should  become  interested  in 
developing  the  actually  existing  laws  and  relations  indicated,  the 
securing  of  the  useful  results  will  be  expedited. 

A  certain  jsortion  of  this  research  has  been  undertaken  by  Wash- 
ington University,  and  the  writer  has  i^lanned  a  series  of  experiments 
which  will  continue  throughout  the  year  in  its  testing  laboratory.  It 
is  the  intention  to  make  public  the  results,  as  definite  facts  and  the 
Ijriuciples  of  behavior  of  these  materials  under  repeated  loads  are 
developed. 
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DISCUSSION. 


Mr.  Buckley.  E.  R.  BucKLEY,  Esq.*  (by  letter). — Tlie  experiments  to  determine 
the  fatigue  of  cement  prodiicts,  wliicli  are  being  carried  on  in  the  test- 
ing laboratory  of  Washington  University,  under  the  direction  of 
Professor  J.  L.  A^an  Ornum,  are  extremely  interesting  and  practical. 
Professor  Van  Ornum  has  started  a  line  of  investigation  which  has  here- 
tofore been  practically  overlooked.  It  is  hoped  that  he  may  be  able  to 
procure  data  showing  some  uniformity  in  the  rate  of  weakening  of 
cement  products  under  repeated  loading.  It  is  thought,  however,  that 
a  series  of  experiments  showing  the  rate  of  weakening  under  a  constant 
load  below  the  ultimate  strength  would  perhajis  be  of  even  greater 
commercial  importance  than  the  experiments  now  being  conducted. 

In  1898,  the  writer  recognized  the  same  phenomenon  of  fatigue,  in 
stone,  while  making  a  series  of  tests,  in  the  preparation  of  a  report  on 
the  "Building  and  Ornamental  Stones  of  Wisconsin."  On  images  367 
and  368  of  that  report,  will  be  found  the  following  observations: 

"No  data  are  thus  far  available  from  which  one  can  glean  any 
knowledge  of  the  effect  of  long  continued  pressure  below  the  point 
of  rupture  on  the  strength  of  the  rock.  Neither  have  data  been  ob- 
tained indicating  the  effect  of  intermittent  stresses  (repeated  loading) 
on  the  rupturing  of  rocks.  In  making  the  compressive  strength  tests 
in  the  preparation  of  this  report,  a  number  of  samples  were  placed  in 
the  100  OOO-lb.  Riehle  testing  machine,  which  could  not  be  crushed. 
These  samples  were  removed,  and  afterwards  crushed  in  a  300  OOO-lb. 
machine,  with  the  results  indicated  in  the  accomi^anying  table.  The 
apparent  loss  in  strength  in  some  of  the  samples  cannot  be  entirely  at- 
tributed to  the  intermittent  character  of  the  jaressure.  It  is  probably 
due,  to  some  extent,  to  the  fact  that  the  samj^les  were  chijaped  at  the 
corners  and  edges  when  in  the  first  machine.  These  and  other  causes 
incident  upon  a  change  of  machines  may  partially  account  for  the 
losses,  but,  nevertheless,  the  results  would  seem  to  indicate  that  an 
actual  decrease  in  strength  is  occasioned  by  continued  or  intermittent 
pressure  below  the  ultimate  strength.  Further  experiments  along  this 
line  are  needed." 

Four  of  these  tests  gave  an  increased  resistance  in  the  larger 
machine,  while  three  of  them  exhibit  a  decrease  of  several  thousand 
pounds  per  square  inch. 

In  connection  with  the  preparation  of  a  report  on  the  building 
stones  of  Missouri,  the  writer  contemplates  verifying,  if  possible,  the 
conclusions  reached  in  his  Wisconsin  report  relative  to  the  fatigue  of 
stone. 

It  is  believed  that  these  experiments  will  be  fruitful  of  results 
which  will  have  a  commercial,  as  well  as  a  scientific,  value. 

The  following  is  the  table  referred  to  in  the  paragraph  quoted: 

*  Director,  Missouri  Bureau  of  Geology  and  Mines. 
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•"Table  Showing  the  Diffekence  in  Ceushing  Stkength   through  Mr.  Buckley. 
Interrupted  Pressure." 


Name  of  Quarry. 

Crushing 

Strength. 

100  000-lb.  Machine. 

300  000-lb.  Machine. 

Pike  River  Granite  Co 

25  000 
25  000 
25  000 
25  000 
27  855 
25  000 
24  783 

27  887 

New  Hill  O'Fair  ( Granite ) 

27  262 

Milwaukee  Monument  Co.  (Granite) 

Lenthold  Quarry  (Granite ) 

38  063 
20  875 

Washington  Stone  Co.  (Limestone ) 

Gillen  Stone  Co.  ( Limestone) 

29  526 
20  308 

Oillen  Stone  Co.  ( Limestone) 

14  869 

L.  r.  Bellinger,  M.  Am.  See.  C.  E.  (by  letter). — This  paper,  witli  Mr.  Bellinger, 
its  interesting  diagram,  -will  be  certain  to  attract  considerable  atten- 
tion from  designers  in  concrete,  as  it  is  the  first  attempt  to  place  on 
a  scientific  basis  certain  jihenomena  which  have  no  doubt  been  noticed 
by  all  engineers  jjerforming  laboratory  tests  and  full-size  tests  of  the 
materials  mentioned. 

The  nomenclature  of  the  jjaper  includes  "  jirogressive  failure  "  and 
"gradual  fracture"  under  the  heading  of  "fatigue."  The  latfer 
seems  to  be  a  good  term  for  neat- cement  tests  which  fail  by  tensile 
stress,  below  the  ordinarily  determined  ultimate  strength,  after  a  short 
time.  The  writer  has  in  mind  some  7-day  tests  of  neat  Portland 
cement  briquettes  which  were  tested  in  a  Riehle  machine  having  a 
capacity  of  only  1  000  lbs.  The  briquettes  were  left  with  the  stress  of 
1  000  lbs.  per  square  inch  on  them  until  they  broke.  The  length  of 
time  varied  considerably,  from  zero  to  one  minute,  and  one  briquette 
carried  tbat  load  for  1|  uaioutes  before  failure  occurred.  This  type  of 
failure  might  be  called  "  fatigue  "  in  the  strictest  sense.  So  also  might 
be  called  the  failure  of  full-size  floor  slabs  of  reinforced  concrete  con- 
struction. Seven  of  these  floor  slabs  were  tested  under  the  writer's 
supervision,  with  the  following  general  results:  Each  test  floor  con- 
sisted of  three  bays,  of  6  ft.  span  and  5  ft.  width,  the  center  bay  only 
carrying  the  test  load  of  pig  iron,  concentrated  along  its  center  line. 
The  reinforcement  of  the  concrete  was  Clinton  wire-cloth,  or  expanded 
metal  of  various  sizes.  In  general,  it  was  noted  that  the  load  which 
caused  the  first  noticeable  deflection,  -3-2  to  nr  in.,  was  just  about  one- 
half  of  the  load  which  caused  the  failure  of  the  concrete;  that  is,  the 
cracking  of  the  concrete  at  the  haunches  or  the  middle  of  the  span, 
exposing  the  metal.  It  was  noted  that  the  workmen  could  keep  piling 
wp  the  pig  iron  after  the  actual  failure  until  the  load  was  20%  more, 
before  the  load  fell  through  the  floor,  rupturing  the  steel.  A  further 
important  note  was,  that  the  load  at  actual  failure,  as  noted  above,  if 
left  alone,  caused  the  spalling  ofi'  on  the  bottom  of  the  slab  to  con- 
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Mr.  Bellinger,  tiniie  more  or  less  rapidly,  indicating  the  destruction  of  tlie  floor  in 
time,  through  "fatigue"  of  the  materials. 

When  it  comes  to  compression  tests,  there  is  another  and  older 
term  than  "fatigue"  describing  the  action  of  material  under  test 
quite  fully,  and  that  is  "disintegration."  It  is  difficult  to  get  a  good 
uniform  bearing  for  crushing  brittle  material.  If  the  plates  at  the 
jaws  of  the  testing  machine  are  hard,  some  high  point  of  the  si^ecimen 
is  crushed  or  split  off  before  the  remainder  receives  its  share  of  the 
load;  if  the  plates  are  soft,  the  material  flows  into  the  pores  of  the  test 
j)iece,  and,  acting  like  a  wedge,  jiushes  off  a  few  grains  at  a  time,  or 
destroys  the  cohesion  between  the  grains,  a  little  at  a  time,  until  the 
sjjecimen  fails-  Examples  of  repetition  of  small  applications  of  stress 
are:  The  use  of  stone  hammers  to  split  rock;  the  wearing  away  of 
rocks  by  rolling  in  the  beds  of  streams,  and  by  the  action  of  river 
currents;  the  disintegration  of  concrete  sea-walls,  between  Ioav  water 
and  high  water,  by  wave  and  ice  action,  and,  when  the  coarser  par- 
ticles are  reached,  by  the  freezing  of  water  between  these  particles. 

The  aualogy  between  the  "fatigue"  of  cement  in  compression 
and  the  "  disintegration  "  of  concrete,  stone,  etc.,  in  the  examples  cited 
is  plain.  In  each  case  it  is  a  question  of  the  number  of  applications 
of  'stress,  by  machine,  freezing,  impact  of  ice  cakes,  etc.,  and  the 
amount  of  this  stress  at  each  application.  This  question  is  the  one 
the  author  has  begun  to  answer,  and,  from  the  looks  of  his  curve  and 
the  direction  of  its  lower  end,  we  will  soon  have  the  stages  of  failure 
of  brittle  materials,  from  direct  crushing  doAvn  to  "drops  of  water 
wearing  away  the  hardest  stone."  It  will  be  a  long  and  tedious  inves- 
tigation, and  the  experimenters  should  be  encouraged  by  all. 
Mr.  Johnson.  A.  L.  JoHNSON,  M.  Am.  Soc.  C.  E.  (by  letter). — The  writer  is  much 
interested  in  the  preliminary  results,  obtained  by  Professor  Van 
Ornum,  on  the  fatigue  of  cement.  It  is  a  matter  of  jjrime  importance, 
and,  in  the  writer's  opinion,  should  be  investigated  thoroughly  and 
carefully.  If  it  is  a  fact  that  concrete  and  steel-concrete  structures 
will  fail  with  infinite  repetition,  under  one-half  the  load  required  for 
single  application,  it  is  a  matter  that  must  be  taken  care  of  at  once  in 
the  factor  of  safety  used  in  designing. 

Considere  has  reported  that  "concrete  tends  to  yield  somewhat 
under  a  soliciting  force. "  It  is  the  writer's  experience  that  it  also 
tends  to  recover  when  the  load  is  removed,  and,  therefore,  he  would 
suggest  that,  in  all  probability,  no  such  tremendous  decrease  in 
strength,  under  continued  application,  would  be  found,  if  a  consider- 
able period  of  rest  were  allowed  between  ai:)2i]ications,  which  is  much 
nearer  the  condition  in  practice. 

The  writer  is  also  of  the  opinion  that,  while,  no  doubt,  the  curve 
is  asymptotic  to  a  horizontal  line  representing  some  percentage  or 
other,  it   should  cross   the  vertical  axis  at   right  angles;  the  curve, 
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in  his   judgment,  necessarily  having  a  maximum  jioint  on  this  line.  Mr.  John.sfjn. 

This  would  make  the  curve  of  the  nature  of  the  "Witch  of  Agnesi." 

Of  course,  this  is  a  matter  of  detail  that  would  be  brought  out  in  the 

full  investigation  of    this  subject,  which    the  writer  trusts  will   be 

continued,  either  by   Professor  Van  Ornum,  or  others,  or  a  number 

of    laboratories  working  in    conjunction,    in  the  matter,    to    a   final 

conclusion. 

In  relation  to  this,  he  would  like  to  suggest  that  the  subject  of 
steel-concrete  construction  is  so  broad  that  it  is  practically  imjjossible 
for  any  imiversity  alone  to  investigate  the  subject  thoroughly,  and  he 
believes  that  the  only  practical  plan  would  be  for  the  i^rofessors  of  civil 
engineering  to  get  together  and  subdivide  this  work  among  different  in- 
stitutions having  well-equipped  laboratories,  having  the  siiecimens 
made  by  men  of  experience,  rather  than  by  students.  In  this  way,  in  the 
course  of  a  year  or  two,  conclusive  information  of  the  greatest  value 
might  be  hoped  for,  in  a  line  of  engineering  construction  rapidly 
assuming  a  jjosition  of  importance  equal  to  that  involving  the  use  of 
any  other  engineering  material. 

H.  r.  Dunham,  M.  Am.  Soc.  C.  E.  (by  letter).  —This  paper  would  Mr.  Dunham, 
be  of  gi*eater  interest  to  those  not  familiar  with  the  subject  if  the 
author  had  outlined  the  method  by  which  repetitions  were  made. 
Anyone  familiar  with  tests  of  cement  mortar  or  concrete  knows  how 
difficult  it  is  to  subject  a  test  piece  to  the  same  conditions  two  or 
more  times  in  succession.  If  there  could  be  any  way  of  actually 
delineating  the  comj^lex  stresses  ijroduced  in  the  piece  the  first  time. 
Something  more  subtle  than  the  theory  of  probabilities  might  be 
required  to  convince  one  that  those  stresses  would  ever  be  exactly 
reproduced  or  repeated  in  subsequent  tests.  The  question  naturally 
arises  whether  or  not  some  part  of  the  sample  was  not  subjected  to 
a  greater  stress  when  under  90^  of  the  breaking  load  than  it  was 
when  95%"  of  that  load  was  applied.  How  much  can  be  actually 
known,  then,  in  regard  to  the  stresses  set  up  in  another  sample? 
Or  wha't  assiirance  can  there  be  that  the  loads  exacted  98  or  95  or 
even  90%  of  the  iiltimate  strength?  Very  little  mortar  or  cement  in 
good  work  is  ever  required  to  bear  as  much  as  50^'^^  of  its  ultimate 
load,  and  20  or  25%  would  be  more  frequently,  though  seldom,  im- 
jiosed.  What  effect  upon  the  material  has  rej^etition  of  such  stresses? 
Those  who  have  used  cement  in  the  construction  of  tall  stacks  or 
chimneys,  where  it  is  subjected  to  very  heavy  pressures  and  where 
the  load  must  vary  with  every  jirairie  wind  that  blows,  and  have  found 
the  mortar  apparently  harder  after  twenty  years  than  it  was  after  one 
year  had  passed,  will  appreciate  the  gradual  inclination  of  the  curve 
in  its  lower  percentages. 

Fatigue  under  repeated  applications  of  95%^  of  the  greatest  poss- 
ible   load    may  not    be    irreconcilable  with    an    increase  of   strength 
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Mr.  Dunham,  tinder  repeated  applications  of  25^  of  the  same  load.  It  is  not — in 
the  case  of  a  man. 
Mr.  Van  J.  L.  Van  Obnxjm,  M.  Am.  Soc.  C.  E.  (by  letter). — Concerning  the 
^^^-  methods  of  making  the  tests,  it  may  be  said  that  the  specimen  is  placed 
in  the  ordinary  type  of  Riehle  testing  machine  between  spherical  bear- 
ing jilates  (for  equalizing  jiressure)  after  grinding  the  ends  to  plane 
surfaces.  The  load  is  api^lied  by  the  hydraulic  pump,  and  then 
released  when  the  weighing  beam  indicates  the  required  load.  In  order 
that  the  repetitions  may  be  applied  under  entirely  similar  conditions^ 
it  is  necessary  that  a  certain  minimum  lead  should  remain;  else  the 
specimen  would  be  displaced.  This  minimum  load,  in  these  tests,  is 
about  4:%  of  the  ultimate  strength  of  the  specimen. 

About  four  repetitions  are  made  per  miniite.  The  loads  are  applied 
and  removed  as  rapidly  as  is  convenient,  because  of  the  question  of 
time.  This  will  be  appreciated  when  the  number  of  repetitions  runs 
into  the  thousands,  and,  further,  when  it  is  considered  that  specimens 
one  month  old  are  naturally  getting  stronger;  a  fact  which  would  dis- 
organize the  "  percentage  "  factor  if  the  tests  were  continued  through 
many  days.  There  is  jaertinence  in  the  suggestion  of  Mr.  Johnson 
that  a  considerable  period  of  rest  between  applications  of  load  might 
give  very  different  results.  The  writer  believes  that  such  comparative 
tests  must  be  made  on  specimens  at  least  a  year  old,  so  that  the  ulti- 
mate strength  may  have  reached  a  relatively  permanent  amount. 
However,  the  few  exj^eriments  that  give  any  clue  to  the  effect  of  the 
time  factor,  such  as  those  cited  by  Dr.  Buckley  and  some  by  the 
writer,  seem  to  indicate  that  the  results  may  not  be  so  very  different  as 
might  be  thought. 

Undoubtedly,  Mr.  Johnson's  oj^inion,  that  the  curve  should  be  of 
some  cubic  or  transcendental  form,  which  will  give  a  maximum  value 
having  a  horizontal  tangent  at  the  100%  load,  is  theoretically  correct. 
«.  Whether  the  difference  will  be  enough  to  show,  on  the  scale  used  for 

the  diagrams,  is  a  question  that  will  take  further  experimental  work 
to  determine. 

The  point  raised  by  Mr.  Bellinger,  of  the  desirability  of  terming 
the  failure  of  cement  products  under  repeated  loads  a  "disintegra- 
tion," would  seem  questionable.  There  is  no  impact  effect  such  as 
occurs  in  many  of  the  cases  cited  by  him  as  illustrating  failure  by 
disintegration.  Neither  is  there  a  concentration  of  pressure  succes- 
sively on  certain  portions  or  particles  of  the  material,  causing  it  to 
fail  characteristically  by  such  progressive  attrition  or  attenuation. 
Api^arently,  it  is  a  question  of  nomenclature  as  modified  by  usage, 
and  it  is  believed  that  the  use  of  the  word  disintegration  would  be 
unfortunate. 

The  experiments  on  concrete  prisms,  now  in  progress,  are  so  par- 
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ticular  tliat  conclusions  cannot  be  given  definitely  for  some  months.  Mr.  Van 
Results  of  a  large  number  of  tests  indicate  that  the  curve  for  a  1  : 3  :  5 
Portland  cement  concrete  will  not  differ  greatly  in  character  from  the 
curve  shown  in  Fig.  1  for  neat  cement  blocks. 

The  writer  is  confident  that  engineers  will  appreciate  the  contribu- 
tions of  those  who  have  discussed  this  paper,  especially  as  it  concerns 
a  subject  on  which  there  is  so  little  known. 
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MEMOIRS  OF  DEOEASED  MEMBERS. 


FREDERICK  WINN  BOND,  M.  Am.  Soc.  C.  E.^ 


Died  July  12th,  1903. 


Frederick  Winn  Bond  was  born  of  New  England  parentage  in 
Dover,  New  Hampshire,  on  April  14th,  1852.  The  family  moving  to 
Waltham,  Massachusetts,  shortly  after,  his  early  education  was  ob- 
tained in  the  public  schools  of  that  place.  He  attended  college  at 
Yellow  Sjjrings,  Ohio. 

Mr.  Bond  began  his  engineering  career  in  1870  as  a  rodman  on  the 
St.  Louis,  Council  Blufis  and  Omaha  Railroad,  now  a  2^3.rt  of  the 
Wabash  System.  He  was  afterward  employed  as  a  draftsman  in  the 
City  Engineer's  office  at  Omaha,  Nebraska.  In  the  year  1872  he  was 
employed  as  a  rodman  and  levelman  on  the  Union  and  Southern 
Pacific  Railways.  From  there,  in  1873,  he  went  to  the  City  Engineer's 
office  at  Toledo,  Ohio,  but  during  the  same  year  returned  to  Omaha 
and  was  employed  as  an  Assistant  Engineer  in  the  United  States 
Engineer  Department  at  that  place.  During  this  period  he  was 
connected  with  the  "  Hayden  Geological  Survey,"  of  the  Territories, 
operating  in  the  then  little  known  Yellowstone  country,  an  experience 
which  he  often  spoke  of  in  later  life  as  very  interesting. 

In  1876  he  was  engaged  as  mechanical  engineer  in  a  Chemical  and 
Blast  Furnace  Works  at  Bangor,  Michigan,  where  he  remained  until 
1879,  at  which  time  he  became  an  Assistant  Engineer  on  the  St.  Louis 
and  San  Francisco  Railway,  under  James  Dun,  M.  Am.  Soc.  C.  E. , 
then  Chief  Engineer  of  that  railway,  with  general  headquarters  at 
St.  Louis,  Missouri.  He  remained  with  this  company  until  the  year 
1889,  during  which  time,  in  the  years  18S7  and  1888,  he  made  extensive 
surveys  through  the  Indian  Territory  and  Texas  Panhandle  for  the 
location  of  the  Middle  Division  of  the  Atlantic  and  Pacific  Railroad, 
then  jointly  owned  by  the  Atchison  and  San  Francisco  interests. 
Leaving  the  St.  Louis  and  San  Francisco  Railway  in  1889,  he  became 
Chief  Engineer  of  the  Kansas  City,  Nevada  and  Fort  Smith  Railroad, 
now  a  part  of  the  Kansas  City  Southern  System.  He  remained  there 
until  1891  when  he  accepted  the  position  of  Chief  Engineer  of  the 
Kansas  and  Texas  Coal  Company  of  St.  Loui?.,  which  position  he  held 
until  1897.  During  parts  of  1897  and  1898  he  was  engaged  in  special 
work,  for  the  Engineer  Department  of  the  Atchison,  Topeka  and 
Santa  Fe  Railroad  Company,  in  Texas.  Early  in  1898  he  became 
Principal  Assistant  Engineer  of  the  St.  Louis  and  Oklahoma  City 
Railroad,  now  a  part  of  the  St.  Louis  and  San  Francisco  System.  In 
1890  he  was  appointed  Chief  Engineer  of  the  "Frisco"  Railroad, 
*Memoir  prepared  by  R.  L.  Van  Sant,  M.  Am.  Soc.  C.  E. 
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operating  department.  In  1900  lie  resigned  that  position  to  become 
Chief  Engineer  of  the  Fort  Smith  and  Western  Eailroad,  which 
position  he  held  at  the  time  of  his  death. 

The  existence  of  the  latter  corporation  is  due  primarily  to  Mr. 
Bond's  foresight  and  business  enterprise  in  locating  and  securing 
leases  on  valuable  coal  properties  in  the  Indian  Territory;  these  con- 
cessions, later,  being  transferred  to  the  present  railroad  corporatiou. 
Much  of  Mr.  Bond's  time  for  the  past  eight  years  was  given  to  this 
enterprise,  and  actual  construction  was  finally  begun  some  two  years 
ago  under  his  supervision  as  Chief  Engineer. 

While  connected  with  the  Kansas  and  Texas  Coal  Company,  Mr. 
Bond  made  many  innovations  and  improvements  in  coal  mining  and 
hoisting  machinery,  some  of  which  were  j^atented  by  him  and  are  now 
in  general  use. 

The  writer's  acquaintance  with  the  deceased  began  at  the  time  he 
came  to  the  "Frisco"  Railroad  in  1879,  being  associated  together  in 
the  location  and  construction  of  important  extensions  of  that  road 
during  the  stirring  days  of  the  early  eighties.  The  deceased's  ac- 
quaintance and  railroad  experience  during  this  period  extended  over 
Southern  Missouri,  Northern  Arkansas  and  the  Indian  Territory,  in 
connection  with  the  above-named  extensions.  He  made  friends  with 
all,  and  left  pleasurable  reminders  of  his  strong  personality,  genial 
disposition,  bright  wit,  and,  occasionally,  sharjj  sarcasm,  wherever  he 
"  pitched  his  tent."  He  was  genial  and  generous  with  his  friends, 
but  his  wit  was  often  very  pointed  when  dealing  with  those  who 
opposed  him.  There  was  scarcely  a  man  on  the  "  Frisco  "  Eailroad, 
from  the  Road  Department  to  the  General  Office,  who  did  not  know 
and  admire  "  Fred  Bond."  All,  from  the  lowest  to  the  highest  express 
genuine  regret  at  his  untimely  death,  and  extend  sympathy  to  the 
bereaved  family. 

Mr.  Bond  belonged  to  that  practical  and  resourceful  class  of  engin- 
eers who  got  their  experience  during  the  last  quarter  of  the  past 
century  under  conditions  calculated  to  develoi?  a  high  order  of  re- 
sourcefulness and  self-reliance,  together  with  a  promptness  to  act  and 
assume  responsibility,  that  is  hardly  possible  under  present  conditions 
of  organization  and  methods  of  practice.  Being  possessed  of  an 
eminently  practical  turn,  yet  he  had  much  of  the  artistic  instinct,  and 
felt  and  appreciated  all  the  better  impulses  of  human  nature.  "  Fred 
Bond  "  was  a  most  delightful  companion,  a  good  comrade  and  a  stanch 
friend,  as  well  as  an  engineer  of  high  professional  qualifications. 

Mr.  Bond  was  married  to  Miss  Elizabeth  Loup,  in  June,  1875,  at 
Belvidere,  Illinois,  and  she  and  four  children  survive  him.  He  died 
at  Fort  Smith,  Arkansas,  on  July  12th,  1903.  and  was  buried  in  the 
family  lot,  at  Kirkwood,  St.  Louis  County,  Missouri. 

He  was  elected  a  Member  of  the  American  Society  of  Civil  Engin- 
eers on  December  7th,  1898. 
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JOHN  BUTLER  JOHNSON,  M.  Am.  Soc.  C.  E.* 


Died  June  23d,  1902. 

John  Butler  Johnson  was  born,  on  June  11th,  1850,  of  Quaker 
l^arentage,  on  a  farm  near  Marlborough,  in  the  northeastern  i^art  of 
Stark  County,  Ohio.  He  died  fifty -two  years  afterward,  June  23d, 
1902,  at  his  summer  home  at  Pier  Cove,  near  South  Haven,  on  the  east 
shore  of  Lake  Michigan,  having  in  that  time  won  a  very  high  place  as 
an  instructor  in  engineering  and  in  the  esteem  of  all  who  knew  him. 

The  first  sixteen  years  of  his  life  were  spent  at  home  in  the  whole- 
some life  of  the  farm.  Meantime,  he  attended  school  at  Marlborough, 
during  one  year  at  a  high  school  of  which  Dr.  T.  C.  Mendenhall  was 
the  principal.  In  1860  the  family — father,  mother  and  seven  children- 
moved  to  Kokomo,  Indiana.  Here,  for  a  short  time,  he  attended  the 
Howard  College,  after  which  he  attended  the  Holbrook  Normal  School 
at  Lebanon,  Ohio. 

After  this,  four  years  were  sjjent  in  teaching  school  at  various 
points,  mostly  in  Indiana,  thougli  for  one  term  he  had  charge  of  a 
school  in  Arkansas.  In  1872,  when  twenty-two  years  of  age,  he  was 
called  to  Indianapolis,  where  he  remained  two  years,  as  Secretary  of 
the  School  Board  and  Instructor  in  the  High  Soliool. 

In  1874  he  entered  the  Univer.«ity  of  Michigan,  from  whicli  he  was 
graduated  in  the  civil  engineering  course  in  1878.  His  next  five  years 
were  spent  in  the  practice  of  his  new  profession,  the  first  three  years 
on  the  Survey  of  the  Great  Lakes,  the  last  two  years  as  an  Assistant 
Engineer  of  the  Mississippi  River  Commission,  with  headquarters  at 
St.  Louis.  A  large  part  of  this  time  was  spent  in  field  work,  and  he 
became  quite  expert  as  an  instrumentman,  particularly  in  the  work  of 
jjreciae  leveling. 

In  April,  1882,  he  became  a  Member  of  the  Engineers'  Club  of  St. 
Louis,  in  which  he  took  a  very  active  interest.  In  February,  1883,  he 
was  chosen  Secretary  of  the  Club. 

In  the  autumn  of  1883  he  was  called  to  the  Chair  of  Civil  Engineer- 
ing in  Washington  University,  at  St.  Louis,  a  position  in  which  he 
succeeded  Professor  Charles  A.  Smith  who  had  also  preceded  him  as 
Secretary  of  the  Engineers'  Club.  For  his  new  work.  Professor  John- 
son's experience  had  been  a  most  admirable  training,  and  he  soon  at- 
tained marked  success.  Few  indeed  have  been  his  equals  in  the  ability 
to  interest  and  inspire  his  pupils. 

During  the  sixteen  years  in  which  he  remained  at  Washington  Uni- 
versity, Professor  Johnson,  who  was  a  tireless  worker,  found  time  for 
the  writing  of  the  books  which  have  made  his  name  familiar  to  all 
students  of  engineering.     The  magnitude  and  imjjortance  of  his  work 

*  Memoir  prepared  by  Robert  Moore,  Past -President,  Am.  Soc.  C.  E. 
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as  au  author  is  shown  by  the  following  list  of  his  books,  given  in  the 
order  of  their  first  x^ublication : 

1. — In  1885,  "  Topograi)hical  Surveying  by  means  of  the  Transit 
and  Stadia." 

2. — ^In  1886,  "The  Theory  and  Practice  of  Surveying."  This  is  one 
of  the  best  books  of  its  kind,  and  numerous  editions  have  been  called 
for. 

3. — In  1892,  "The  Theory  and  Practice  of  Modern  Framed 
Structures,"  a  quarto  book,  of  525 pages,  on  bridges  and  roofs,  in  the 
preparation  of  which  he  was  assisted  by  Professor  F.  E.  Turneaure 
and  Mr.  C.  W.  Bryan. 

4. — In  1895,  "Engineering  Contracts  and  Specifications."  As  a 
preparation  for  this  work,  Professor  Johnson  attended  a  course  of 
lectures  at  the  University  Law  School. 

5. — In  1897,  "Materials  of  Construction,"  in  which  were  embodied 
the  results  of  a  large  amount  of  work  done  by  him  in  the  testing 
laboratory  of  the  University. 

In  addition  to  the  labor  of  writing  these  books,  to  say  nothing  of 
numerous  professional  jiapers  and  addresses,  he  did  a  large  amount  of 
work  upon  the  "Index  to  Current  Engineering  Literature  "  published 
in  the  Journal  of  the  Association  of  Engineering  Societies.  Of  this 
index,  which  is  of  great  value  to  engineers  and  engineering  students. 
Professor  Johnson  was  the  originator  and  the  manager  from  October, 
1884,  to  December,  1895,  when  the  work  was  taken  up  and  continued 
by  the  ETigineering  Magazine. 

From  1892  to  1895  he  was  engaged  in  making  investigations  of  the 
strength  of  timber  for  the  Division  of  Forestry  of  the  United  States 
Department  of  Agriculture.  The  results  of  these  investigations,  some 
of  which  were  important,  are  embodied  in  several  bulletins  of  the 
Department. 

Professor  Johnson  was  one  of  the  founders,  for  two  years  the  first 
Secretary,  and  for  one  year  President  of  the  Society  for  the  Promotion 
of  Engineering  Education,  organized  in  1893.  In  1895  he  took  an 
active  part  in  the  formation  of  the  St.  Louis  Railway  Club,  a  large  and 
flourishing  organization  of  men  engaged  in  railway  operation,  and 
was  a  member  of  the  Executive  Committee  until  his  removal  from  St. 
Louis. 

In  1899,  after  sixteen  years  of  service  at  Washington  University,  he 
accepted  an  api^ointment  as  Dean  of  the  Engineering  School  of  the 
University  of  Wisconsin,  at  Madison.  His  life  there  was  a  continua- 
tion of  that  at  St.  Louis,  a  life  of  diligent,  faithful  and  highly  suc- 
cessful work.  Under  his  leadership  the  Engineering  School  at  Madison 
took  fresh  life  and  grew  as  it  never  had  done  before.  Meantime,  he, 
himself,  became  an  important  factor  in  the  life  of  the  University  and 
in  the   city  of  his  adoption.     Everything,   indeed,  pointed  to  a  long 
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career  of  distinguished  usefulness,  when  all   was  ended  suddenly  by 
his  untimely  death. 

Professor  Johnson,  on  May  3d,  1892,  became  a  Member  of  the  In- 
stitution of  Civil  Engineers,  of  Great  Britain.  On  March  14th,  1899, 
he  was  elected  a  Member  of  the  Western  Society  of  Civil  Engineers, 
and  tiiereafter  until  his  death  took  a  very  active  part  in  its  work.  He 
was  also  a  member  of  the  American  Society  of  Mechanical  Engineers; 
the  International  Association  for  Testing  Materials;  the  American 
Association  for  the  Advancement  of  Science;  the  Academy  of  Science, 
of  St.  Louis;  the  Art  Club  of  Madison,  and  the  University  Co-operative 
Association.  He  was  also  a  very  earnest  and  active  member  of  the 
Unitarian  Church,  of  Madison,  as  he  had  formerly  been  of  the  Church 
of  the  Unity  (Unitarian),  at  St.  Loiiis. 

In  1878,  the  year  of  his  graduation  from  the  University  of  Michigan, 
he  was  married  to  Miss  Phebe  Henby,  who,  with  three  daughters  and 
two  sons,  survives  him. 

The  large  work  accomplished  by  Professor  Johnson  is  proof  of  the 
untiring  industry  and  devotion  to  duty  which  always  characterized 
him.      What  his  hand  found  to  do,  he  did  with  his  might. 

As  a  teacher  he  had  few  equals.  He  not  only  knew  his  subject 
himself,  but  he  knew  how  to  impart  his  knowledge  and  to  help  his 
pupils  so  that  they  should  thereafter  need  no  help. 

Outside  of  his  special  work  he  was  ever  mindful  of  his  duties  to 
the  city,  to  the  State  and  the  world.  He  was  a  good  citizen,  a  valiant 
fighter  against  ignorance  and  evil.  He  was  faithful  to  every  duty, 
whether  private  or  public;  a  man  whose  death  is  a  loss  to  all  men. 

Professor  Johnson  was  elected  a  Member  of  the  American  Society 
of  Civil  Engineers  on  April  7th,  1886.  In  1899  he  presented  a  paper* 
entitled  "Cast  Iron — Strength,  Resilience,  Tests,  and  Specifications," 
and  was  a  freqiient  contributor  to  the  discussions  in  the  Tran  sad  ions 
of  the  Society. 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  XXII,  p.  91. 
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WILLIAM  SHATTUCK  LINCOLN,  M.  Am.  Soc.  C.  E.* 


Died  May  16th,  1902. 


"William  Shattuck  Lincoln  was  born  on  May  19tb,  1837,  at  Dennys- 
ville,  near  Eastport,  Maine.  He  was  the  son  of  Theodore  and  Elizabeth 
(Lincoln)  Lincoln.  One  of  his  great-grandfathers  was  Major-General 
Benjamin  Lincoln,  a  distinguished  soldier  of  the  Revolution.  Of  his 
early  life  and  schooling  we  have  very  scanty  information.  There  is, 
however,  evidence  pointing  to  a  residence  for  a  time  in  Boston  or, 
possibly,  in  Cambridge,  thotigh  his  name  is  not  found  on  the  Harvard 
rolls.  But,  however  this  may  be,  in  his  active  and  well-trained  mind 
he  had  the  best  results  that  any  school  can  give. 

At  the  age  of  nineteen,  following  an  older  brother,  he  went  "West, 
and  in  October,  1856,  we  find  him  a  Division  Engineer,  in  charge  of 
construction  of  the  Cincinnati  and  Chicago  Railroad,  from  Richmond 
to  Logansport,  Indiana.  Here  he  remained  until  January,  1861,  when 
he  was  appointed  Principal  Assistant  Engineer  in  charge  of  construc- 
tion of  the  Chicago  and  Cincinnati  Railroad,  between  Logansjjort  and 
Valparaiso,  Indiana.  Both  these  lines  now  form  parts  of  the  Pennsyl- 
vania Railroad  line  between  Richmond  and  Chicago. 

In  July,  1865,  he  entered  the  service  of  what  is  now  the  "Wabash 
Railroad  Company,  in  which  service  he  remained  until  his  death — a 
period  of  nearly  thirty-seven  years.  His  first  position  in  this  service 
was  that  of  Resident  Engineer  of  the  Western  or  Illinois  Division  of  the 
Toledo,  "Wabash  and  "Western  Railway,  with  headquarters  at  Spring- 
field, Illinois. 

In  June,  1868,  he  was  appointed  Chief  Engineer  of  the  Decatur 
and  East  St.  Louis  Railroad,  built  between  these  points  as  part  of  the 
"Wabash  System.  Upon  the  completion  of  this  line,  in  January,  1871, 
he  resumed  his  position  as  Resident  Engineer  of  the  Western  Division, 
a  position  which  he  retained  for  nine  years.  During  this  time  be 
also  acted  as  Consulting  Engineer  of  the  Lafayette,  Bloomington  and 
Mississippi,  and  of  the  Lafayette,  Muncie  and  Bloomington,  Railroads. 

In  January,  1880,  after  the  Toledo,  "Wabash  and  Western  Railway 
and  the  St.  Louis,  Kansas  City  and  Northern  Railway  had  been  con- 
solidated as  the  Wabash,  St.  Louis  and  Pacific  Railway,  Mr.  Lincoln 
was  appointed  Engineer  for  the  lines  west  of  the  Mississippi  River, 
In  September,  1881,  he  was  appointed  Chief  Engineer  of  the  whole 
system,  with  headquarters  at  St.  Louis — a  position  which  he  held  until 
his  death. 

In  1872  Mr.  Lincoln  married  Lula,  daughter  of  Captain  Alvin  M. 
Higgins,  of  Logansport,  Indiana.     This  congenial  and  happy  marriage 

*  Memoir  prepared  by  Robert  Moore,  Past-Presideut,  Am.  Soc.  C.  E. 
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was  ended  on  May  4t]i,  1894,  by  the  death  of  Mrs.  Lincoln  at  their 
home  in  Logansport. 

His  own  death  occurred  at  St.  Lonis,  on  May  16th,  1902,  at  the 
Mullaui^hy  Hospital,  where,  a  few  days  before,  he  had  undergone  a 
serious  surgical  operation  in  the  hope  of  obtaining  relief  from  a  severe 
neuralgic  affection  from  which  for  years  he  had  been  an  almost  con- 
stant sufferer.  He  was  buried  by  the  side  of  his  wife  at  Logansport, 
Indiana,  leaving  no  children  to  survive  him. 

Mr.  Lincoln  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  December  5th,  1883.  As  an  engineer,  he  was  careful, 
thorough,  conscientious  and  sound.  The  entire  confidence  reposed  in 
him  as  an  engineer  and  as  a  man,  by  those  having  the  best  possible 
means  of  judging  him  correctly,  is  shown  abundantly  by  his  long- 
continued  service  with  one  railroad  system,  through  many  vicissitudes 
of  management,  reorganization  and  control.  But,  complimentary  as 
was  this  long  service  with  one  corporation,  it  had  the  effect,  when 
coui3led  with  his  retiring  and  home-loving  disposition,  of  limiting  the 
range  of  his  acquaintance  as  well  as  the  scope  of  his  jirofessional  work; 
so  that  he  was  not  as  widely  known  as  his  great  merits  would  other- 
wise have  made  him.  By  those,  however,  who  had  the  opportunity  of 
knowing  him  he  was  held  in  the  highest  esteem.  Unassuming  and 
unselfish,  clear-headed  and  strong,  with  a  cheerful  fortitude  which 
years  of  suffering  could  not  shake,  he  was  a  man  of  noble  tyjae  whom 
it  was  a  privilege  to  count  as  a  friend,  and  whose  memory  is  a  lasting 
possession  to  all  who  knew  him. 
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OEORGE  HENRY  MENDELL,  M.  Am.  Soc.  C.  E.* 


Died  October  19th,  19C2. 


George  Henry  Mendell  was  the  eldest  of  four  children — a  girl  and 
three  boys — all  of  whom  he  outlived. 

He  was  born  on  October  12th,  1831,  in  the  Village  of  Youngstown, 
Westmoreland  County,  Pennsylvania,  from  which  place  his  parents 
moved  to  Blairsville,  in  the  adjoining  County  of  Indiana,  in  1837. 

His  father,  George  S.  Mendell,  was  a  teacher,  and  evidently  gave 
his  son  a  very  thorough  grounding  in  English,  Latin,  Greek,  and  the 
rudiments  of  mathematics,  which  was  followed  by  the  instruction 
given  in  the  Blairsville  Academy,  by  R.  McCall,  a  graduate  of  Jeffer- 
son College.  The  course  in  the  Academy  embraced  Historia  Sacra, 
Caesar's  Commentaries,  Virgil's  Bucolics,  Georgics  andiEneid,  Horace, 
Cicero's  de  Officiis,  de  Senectute  and  Amicitia,  etc. ,  in  Latin,  and  the 
Anabasis  and  the  Iliad,  in  Greek,  with  some  mathematics.  This  course 
was  completeii  in  the  years  1843-47  in  very  creditable  style. 

During  two  years  of  this  time  he  was  also  an  instructor,  and  re- 
ceived his  own  instruction  free. 

In  the  autumn  of  1847,  at  the  age  of  16,  young  Mendell  undertook 
to  teach  school  for  four  months,  which  duty  he  performed  very  credit- 
ably for  the  modest  pay  of  $20  per  month. 

In  1847-48,  during  a  visit  to  relatives  in  Massachusetts  (the  native 
State  of  his  parents),  he  heard  of  West  Point  Military  Academy,  and, 
throiigh  his  own  exertions,  obtained  the  appointment  from  Congress- 
mau  Buffington,  entered  on  July  1st,  1848,  and  was  graduated  third 
in  his  class  in  1852.  He  selected  the  Topographical  Engineer  Corps 
as  his  line  of  service,  which  corps,  during  the  war,  was  consolidated 
with  the  Engineer  Corps,  in  which  he  remained  until  he  was  retired 
at  the  age  of  64  in  1895. 

He  was  Assistant  Topographical  Engineer  on  the  survey  of  the 
Northwestern  Lakes,  in  1852-54,  then  on  the  staff  of  Major-General 
Wool,  commanding  the  Dejaartment  of  the  Pacific  in  1854,  at  which 
time  the  advantages  of  the  Pacific  Slope  made  a  lasting  impression  on 
his  mind. 

He  was  thereafter  assistant  on  a  railway  exploration  survey  from 
San  Francisco  to  Fort  Yuma,  and  later,  in  1855  and  1856,  on  an  expe- 
dition against  hostile  tribes  in  Oregon  and  Washington  Territories. 
From  1856  to  1858,  he  was  in  charge  of  the  construction  of  military 
roads  in  Oregon  and  Washington  Territories.  He  was  then  called  to 
the  Military  Academy  at  West  Point,  and  served  there  as  Assistant 

*  Memoir  prepared  by  Messrs.  C.  E.  Grunsky,  L.  J.  Le  Conte  and  Marsdea  Manson, 
Members,  Am.  Soc.  C.  E. 
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and   Principal    Assistant    Professor   of    Natural    and    Experimental 
Philosophy. 

At  the  outbreak  of  the  War  of  the  Rebellion  he  was  assigned  to 
Colonel  Miles'  Division  in  the  Manassas  Campaign,  and  thereafter  ren- 
dered valuable  service  on  special  duty  and  in  command  of  the  United 
States  Engineers'  Battalion  in  reconnoissance  work,  building,  guard- 
ing and  destroying  bridges,  constructing  batteries,  blockhouses,  rifle- 
trenches,  making  and  repairing  roads,  and  in  carrying  on  siege 
operations  at  Petersburg,  Virginia.  He  was  Assistant  Engineer  on  the 
defenses  of  Baltimore,  Maryland,  in  1864.  After  again  serving  as  in- 
structor in  the  Military  Academy  for  a  year,  to  which  duty  he  had 
been  assigned  to  recover  from  disabilities  incurred  in  the  field,  he  was, 
for  a  brief  jjeriod.  Superintending  Engineer  of  harbor  defense  works 
at  New  Bedford,  Massachusetts,  and  of  the  work  for  the  preservation 
of  Plymouth  Beach. 

la  1867  he  was  transferred  to  California,  and  took  charge  of  the 
fortification  work  of  Alcatraz  Island  and  Lime  Point,  in  San  Erancisco 
Harbor,  and,  soon  after,  the  defenses  at  the  mouth  of  Columbia  River 
and  of  Fort  Point,  San  Francisco. 

His  activity  was  not  confined  to  his  Government  work,  which  in- 
cluded the  Wilmington  Harbor  breakwater,  examination  and  survey  of 
Estero  Bay  and  San  Diego  Harbor,  the  removal  of  Rincon  Rock  in 
San  Francisco  Bay,  the  improvement  of  Oakland  Harbor  and  of  the  Sac- 
ramento and  Feather  Rivers  and  of  the  construction  of  San  Francisco 
Harbor  defenses,  for  he  was  a  member  of  the  Commission  appointed 
in  1874  to  examine  the  irrigation  possibilities  in  California.  He  was  a 
member  and  President  of  the  first  California  Debris  Commission  to 
regulate  hydraulic  mining.  He  was  on  the  Commission  to  select  a  site 
for  a  naval  dry  dock  on  the  Pacific  Coast  north  of  Latitude  42°,  and 
on  the  Commission  to  select  a  site  for  a  military  post  in  San  Diego, 
California,  and  of  the  Board  of  Engineers  for  the  planning  of  Pacific 
Coast  defenses. 

Colonel  Mendell  was  consulted  by  the  City  and  County  of  San 
Francisco  in  reference  to  the  sufficiency  of  the  City  Hall  concrete 
foundation.  In  1876-77  he  was  entrusted  by  that  city  with  the  exam- 
ination of  possible  sources  of  water  supply,  and  made  an  exhaustive 
report,  which  has  proved  of  great  value  to  the  city.  From  1878  to 
1880  he  was  Consulting  Engineer  to  the  State  of  California,  acting  as 
an  adviser  to  the  State  Engineer,  who  was  charged  with  the  investiga- 
tion of  irrigation,  drainage  and  mining  debris  problems.  He  was  also 
a  member  of  the  Sewerage  Commission  for  the  City  and  County  of  San 
Francisco,  appointed  in  1892  by  the  Board  of  Supervisors. 

At  the  time  of  his  retirement  he  was  the  Senior  Colonel  in  the 
Engineer  Corps  of  the  United  States  Ai-my. 

Among  the  works  with  which  he  was  more  or  less  prominently  con- 
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nected  as  Consultiag  Engineer  subsequent  to  his  retirement  may  be 
mentioned  tlie  Portland  Water- Works,  the  appraisement  of  the  Los 
Angeles  Water-Works,  the  examination  of  the  water  supply  ijossibili- 
ties  for  Berkeley,  the  drainage  jiroject  for  Reclamation  District,  No. 
108,  in  the  Sacramento  Valley,  and  the  Red  Bluff  Water- Works. 

He  was  selected  by  Mayor  James  D.  Phelan  to  serve  under  a  new  city 
charter  as  President  of  the  first  Board  of  Public  Works  for  the  City 
and  County  of  San  Francisco,  from  January  8th,  1900,  for  three  years. 
His  efficient  service  in  organizing  this  new  department,  which  benefited 
by  his  long  experience,  his  thoroughness  as  an  engineer,  and  his  ripe 
judgment,  are  thoroughly  appreciated  by  those  who  have  b«en  in  a 
position  to  judge  of  the  results.  His  term  of  office  was  drawing  to  a 
close  at  the  time  of  his  death. 

Colonel  Mendell  was  one  of  the  founders  of  The  Technical  Society 
of  the  Pacific  Coast,  and  was  made  its  first  President  m  1884,  serving 
in  this  capacity  for  two  terms. 

General  William  P.  Craighill,  Past-President,  Am.  Soc.  C.  E. ,  a 
life-long  friend  and  fellow  officer  in  the  Corps  of  Engineers,  writing  of 
Colonel  Mendell,  says : 

"I  have  known  him  since  1S49,  when  I  went  to  West  Point,  and 
our  acquaintance  began  with  my  first  appearance  as  a  '  jjlebe  '  in  the 
squad  he  supervised  as  drill-master.  He  was  then,  as  he  always  was, 
a  man  who  did  his  duty  well  and  thoroughly;  but  there  was  a  gentle 
way  in  his  manner,  tone  and  expression,  which  proclaimed  him,  as  he 
always  was  in  every  relation  of  life,  a  gentleman,  the  highest  type  of 
man. 

"I  do  not  kuow  that  I  can  say  more  in  praise  of  my  dear  friend 
than  that,  after  an  intimate  acquaintance  of  more  than  fifty-three  years 
I  have  always  found  him  to  be  a  real  Christian  gentleman,  and  I  be- 
lieve this  will  be  the  verdict  of  everyone  who  knew  him.  His  mental 
ability  none  can  deny.     It  was  great;  far  beyond  the  average." 

L.  J.  Le  Conte,  M.  Am.  Soc.  C.  E.,  who  was  his  chief  assistant  for 
twenty-one  years,  has  this  to  say  : 

"  I  have  served  under  Col.  Mendell,  both  on  public  as  well  as  on 
private  works,  and  have  uniformly  felt  the  genial  warmth  of  his  friend- 
ship and  the  sound  wisdom  of  his  counsels.  He  was  eminently  fitted 
to  supervise,  and  did  so  with  the  fullest  regard  to  the  preconceived 
opinions  of  those  beneath  him,  and  yet  withal  used  such  consummate 
tact  as  to  make  everyone  feel  an  everlasting  regard  for  him  and  his 
conclusions.  Few  men  were  gifted  in  this  regard  as  he,  and  still  fewer 
could  smooth  over  seemingly  insurmountable  differences,  and  bring 
everything  down  to  one  harmonious  conclusion.  His  loss  will  be 
greatly  felt  by  the  entire  community,  which  he  so  faithfully  repre- 
sented.    Peace  to  his  ashes." 

In  1858  he  was  married  to  Ellen  Adair,  daughter  of  the  late 
John  Adair,  Esq.,  Collector  of  Customs  at  Astoria,  Oregon,  and 
grand-daughter  of  General  John  Adair,  Governor  of  Kentucky,  Senator 
and  Representative  in  Congress,  a  revolutionary  soldier  whore-entered 
the  service  of  his  country  m  the  war  with  England  in  1812,  and  com- 
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mantled  the  Kentucky  troops  at  the  battle  of  New  Orleans.  This 
union  of  two  congenial  spirits  proved  a  hajipy  one.  Through  forty- 
four  years  they  lived  in  affection  and  love,  devoted  to  each  other  and 
to  their  children.  At  the  end  of  that  time,  while  resting  on  her  arm 
and  being  administered  to  by  her  loving  hand,  Colonel  Mendell,  with 
his  mind  clear  and  his  eyes  looking  in  her  anxious  face,  closed  them 
to  all  earthly  things,  while  his  j^ure  sinrit  took  its  flight  to  the  better 
realms,  there  to  await  the  coming  of  hers. 

A  just  estimate  of  Colonel  Mendell's  worth  and  appreciation  of  his 
professional  work  is  fittingly  expressed  in  the  words  of  the  Chief  of 
the  Engineer  Corps  of  the  United  States  Army,  who,  in  sending  out 
notice  of  his  death,  says: 

"Colonel  Mendell's  record  for  distinguished  service,  his  high  at- 
tainments, his  purity  of  life,  and  his  sincerity  of  purpose,  in  all  matters 
relating  to  either  private  or  public  official  work,  have  never  been 
excelled  by  any  officer  whose  record  has  appeared  upon  the  rolls  of 
the  Army." 

His  entire  life,  from  boyhood  to  the  ripe  age  of  seventy-one  years, 
was  crowded  with  active  responsibilities  far  beyond  those  which  fall 
to  the  average  man.  All  these  he  met  and  discharged  with  the  highest 
ability  and  integrity.  In  these  crowded  duties,  he  still  found  room 
for  the  exercise  of  a  benevolence  rarely  equalled  in  its  usefulness.  He 
was  one  of  the  founders  of  St.  Luke's  Hospital,  in  San  Francisco,  and 
for  many  years  one  of  its  Directors,  and  never  ceased  to  take  an  inter- 
est in  the  welfare  of  that  institution. 

Gentle,  noble,  and  great  in  the  discharge  of  every  duty,  he  left  kind 
memories  with  all  who  knew  him. 

Col.  Mendell  was  elected  a  Member  of  the  American  Society  of 
Civil  Engineers  on  September  6th,  1876,  and  served  as  its  Vice-Presi- 
dent from  January  20th,  1897,  to  January  18th,  1899. 
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MARTINIUS  STIXRUD,  M.  Am.  Soc.  C.  E.* 


Died  Decembee  28th,  1901. 


Martinius  Stixrud  was  born  in  Thoten,  Southeastern  Norway,  on 
January  28th,  1857.  He  was  graduated  from  Chalmers  Technical 
Institute,  at  Gothenburg,  Sweden,  in  1878,  and  continued  the  study 
of  Civil  Engineering  at  the  Polytechnicum,  at  Aaclien,  Germany, 
during  the  next  year.  In  the  spring  of  1881  he  came  to  the  United 
States. 

His  first  summer  in  this  country  was  spent  as  a  transitman  and 
draftsman  on  the  Manitoba  Railways.  During  the  winter  of  1881-82 
he  was  engaged  as  draftsman  and  comi^uter  in  the  Bridge  Dei^artment 
of  the  Chicago,  Milwaukee  and  St.  Paul  Railway,  at  Minneapolis. 
Early  in  1883  he  was  engaged  by  the  Northern  Pacific  Railroad,  with 
office  at  Brainard,  but  from  there  was  sent  out  to  the  Pacific  Coast  by 
that  company. 

In  1883  he  designed  the  switch-back  over  the  Stampede  Pass, 
under  V.  G.  Bogue,  M.  Am.  Soc.  C.  E.,  who  at  the  time  was  Principal 
Assistant  Chief  Engineer  of  the  road.  Mr.  Stixriid  continued  his  en- 
gagement with  this  railroad  until  1885,  and  during  part  of  this  time 
he  was  Assistant  Engineer  to  W.  H.  Kennedy,  M.  Am.  Soc.  C.  E.  In 
1885-86  he  was  Engineer  on  the  location  and  construction  of  the 
Oregon  Pacific  Railroad.  During  1886-87  he  was  Locating  Engineer 
for  the  Seattle,  Lake  Shore  and  Eastern  Railway,  running  lines  across 
the  Cascade  Mountains  through  the  Snoqualmie  Pass.  This  p.arty 
suffered  a  great  deal  during  the  winter,  from  exposure  and  shortage 
of  provisions,  and  at  that  time  Mr.  Stixrud  contracted  an  ear  trouble 
which  caused  him  much  pain  ever  afterward. 

In  1887-88  he  was  Engineer  in  Charge  of  Location  and  Constriiction 
of  the  Seattle,  West  Coast  Railway  (afterward  the  Seattle,  Lake  Shore 
and  Eastern  Railway).  In  1888  he  went  to  Spokane,  in  the  iuterests 
of  the  same  company,  and  designed  and  constructed  the  bridges,  of 
this  company,  over  the  Spokane  River.  In  1889  he  continued  as 
Locating  Engineer  for  the  same  company.  In  short,  up  to  this  time 
he  had  been  engaged  constantly  on  railroad  work,  on  both  location  and 
construction,  and  his  reputation  as  a  reliable  and  able  engineer 
in  those  branches  was  established. 

In  1890,  very  much  against  his  inclination,  Mr.  Stixrud  became 
City  Engineer  of  Seattle,  but  did  not  give  satisfaction  to  the  poli- 
ticians, who  were  unable  to  use  him  and  his  office  as  they  pleased.  He 
was  most  shamefully  treated,  and  although  ousted  from  office,  was 
completely  exonerated,  and  came   through  this  blackmailing  process 
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victorious.      Some   time   before    this,    he   was    engaged   with   J.    E. 
Ericson,  M.  Am.  Soc.    C.  E.,  later  City  Engineer  of  Chicago,  in  pre-| 
paring  plans  for  water  and  sewerage  systems  for  Seattle,  under  Mr. 
Benezette  Williams. 

From  1890  Mr.  Stixrud  was  located  permanently  in  Seattle,  and  prac- 
ti'jed  as  a  Consulting  Engineer,  forming  a  partnershij)  in  1892  with 
Mr.  C.  Nasten.  To  be  a  consulting  engineer  in  that  western  country 
required  the  most  diverse  knowledge  and  practice,  thus  bridge  and 
structural  engineering,  water  supply,  sewerage,  drainage,  irrigation, 
antl  also  railroad  surveys,  comprised  the  firm's  work. 

In  1892-93  Mr.  Stixrud  spent  the  winter  in  California  and  Mexico, 
having  in  view  the  irrigation  of  the  desert  lands  in  the  Colorado 
River  Basiu.  Plans  were  pre^iared  to  iirigate  600  000  acres.  The 
proposed  intake  was  on  the  Colorado  River  near  Hanlons  Ferry,  not 
far  from  Yuma.  However,  the  business  part  of  the  undertaking 
failed  at  that  time.  In  1893  he  was  engaged  as  Engineer  for  the  Board 
of  Tideland  Appraisers  for  King  County,  Washington.  In  this  capa- 
city he  made  a  very  extensive  survey  of  Seattle  and  Ballard  Harbors, 
establishing  harbor  lines  and  waterways,  and  jilotted  the  tideland 
areas  at  Seattle,  Ballard  and  part  of  Tacoma  Harbors.  Esi^ecially  for 
Seattle,  this  was  a  work  of  great  imijortance,  as  it  dealt  with  the  future 
plans  of  Seattle  Harbor,  railway  terminals  and  manufacturing  districts. 
Mr.  Stixrud  did  not  succeed  in  getting  his  general  plan  of  the  main 
part  of  Seattle  Harbor  accepted.  Captain  T.  W.  Symons,  M.  Am.  Soc. 
C.  E. ,  representing  strong  interests,  had  a  revised  plan,  which  was 
accejited.  Mr.  Stixrud 's  plan  was  one  with  tidal  basins,  the  rise  of  the 
tide  being  16  ft.  Captain  Symons'  jjlan  was  for  oi^en  waterways, 
which  api^eared  to  suit  the  immediate  or  near  future.  Mr.  Stixrud  had 
ignored  the  South  Canal  Waterway. 

In  the  winter  of  1896-97  Mr.  Stixrud  was  the  Chief  Engineer  for 
one  of  the  cable  tramways,  constructed  over  the  Chilkoot  Pass, 
Alaska. 

Mr.  Stixrud  died  in  Seattle,  after  an  illness  of  seven  weeks,  the 
cause  of  death  being  congestion  of  the  brain,  considered  to  have  been 
caused  primarily  by  his  exposures  in  the  Snoqualmie  Pass  m  the 
winter  of  1886-87. 

The  foregoing  gives  a  general  outline  of  Mr.  Stixrud's  professional 
work.  As  to  his  character,  too  much  cannot  be  said.  He  was  of  a 
cheerful,  pleasant  disposition;  admired  and  respected  by  all,  and  was 
an  excellent  representative  of  the  Scandinavian  race — honest,  true  and 
brave.  In  appearance  he  was  tall,  erect  and  fair.  He  left  no  fortune, 
but  many  frieuds.     He  was  not  married. 

Mr.  Stixrud  had  many  qualities  through  which  he  was  esiiecially 
adapted  to  his  profession;  he  was  of  an  inventive  mind  and  had  great 
designing  abilities,  mechanical  devices  being  his  hobby.     Where  he 
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made  his  liome  he  was  an  engineer  of  high  standing,  but,  without 
doubt,  he  would  have  attained  more  prominence  if  he  had  been 
favored  by  a  location  in  which  his  pure  engineering  qualities  would 
have  been  api^reciated  more  than  could  have  been  the  case  in  the  new 
and  undeveloped  West.  F.  W.  D.  Holbrook,  M.  Am.  Soc.  C.  E., 
under  whom  Mr.  Stixrud  served  as  an  assistant  during  the  construction 
of  the  Seattle,  Lake  Shore  and  Eastern  Railway,  in  1888-90,  writes  as 
follows:  . 

"  Mr.  Stixrud  was  a  young  man  of  fine  i^hysique  and  jjresence,  and 
had  been  well  educated  in  foreign  technical  schools.  He  was  very 
companionable,  and  of  sterling  integrity.  I  mention  this  last,  as  afteV 
having  taken  the  office  at  one  time  as  City  Engineer  of  Seattle,  when 
his  political  opponents  trumped  up  some  charge  against  him  that  led 
to  his  resignation,  but  no  one  knowing  the  facts  ever  laid  anything  to 
his  discredit  on  that  account." 

W.  H.  Kennedy,  M.  Am.  Soc.  C.  E.,  Chief  Engineer  of  the  Oregon 
Railroad  and  Navigation  Company,  and  under  whom  Mr.  Stixrud 
worked  for  several  years,  on  the  location  and  construction  of  the 
Northern  Pacific  Railroad,  writes: 

"  Shortly  after  Mr.  Stixrud's  arrival  in  this  country,  he  was  engaged 
with  me,  on  the  location  of  the  Green  River  Division  of  the  Northern 
Pacific  Railroad,  as  topographer.  I  can  only  say,  that  he  was  one  of 
the  finest  topographical  engineers  I  have  ever  known,  and  a  location 
based  on  his  toiDogra^jhy  rarely  required  to  be  amended  after  being 
once  run  in  on  the  ground.  I  knew  him  intimately  from  that  time 
until  his  death,  and  had  no  friend  whom  I  esteemed  more  highly. 
His  loss  at  such  an  early  age  was  a  loss  to  the  profession,  of  which  he 
was  an  honored  member.  I  had  always  looked  forward  to  a  brilliant 
career  for  him,  as  he  had  marked  ability  as  a  designer  and  has  left 
many  monuments  of  his  skill  as  such  in  Seattle,  Washington,  where,  at 
the  time  of  his  death,  he  was  in  the  active  practice  of  his  jjrofession." 

The  foregoing  will  give  some  idea  of  the  life  and  character  of 
Martinius  Stixrud,  but  the  ennobling  effect  of  his  comi^any,  the  kind 
but  manly  and  strong  appearance  of  the  man,  his  excellent  manners, 
and  his  sincere  friendship  toward  those  who  had  the  privilege  of  being 
near  -him,  can  only  be  aiJpreciated  fully  by  those  who  came  in  contact 
with  him.  He  was  sincere  and  sober  in  business,  but  in  conversation 
and  discussion  he  was  bright  and  entertaining.  Mr.  Stixrud  was  one 
of  the  most  enthusiastic  yachtsmen  of  Seattle,  and  his  boat  was  for 
a  long  time  the  champion  of  her  class. 

Thus  his  life  was  vigorous,  strenuous  and  manly.  His  noble 
example  as  a  man  and  engineer  will  have  a  lasting  and  elevating  effect 
on  all  who  knew  him. 

Mr.  Stixriid  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  April  3d,  1889. 
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